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The hydrologic and vegetation systems are intrinsically interrelated. 
Urbanization replaces vegetation with impervious surfaces, significantly 
influencing hydrological processes. The impacts could be even more 
significant in tropical areas due to frequent and high intensity storm events. 
Therefore, there are strong interests to better understand the hydrological 
processes and their interactions with vegetation to mitigate water related 
problems such as flooding. The interactions involve a number of complex and 
dynamic processes, from the plot scale to catchment scale. Computational 
modeling is required to evaluate the influences of urbanization and predict the 
effectiveness of problem mitigation. This dissertation first examines the 
hydrology-vegetation interactions in the plot scale. The understanding is then 
upscaled to formulate flooding mitigation at the catchment scale.  
This dissertation is divided into the following three parts: 
(1) Examining the influences of vegetation on hydrological processes in 
the plot scale 
The first part of this dissertation studies the relationship between vegetation 
and throughfall. Precipitation is partly intercepted by vegetation canopy, 
reduceing the amounts that reaches the ground (i.e. throughfall). This study 
derives some simple-to-use empirical equations relating throughfall, and 
canopy to rainfall characteristics. The amounts of throughfall in any regions 
can be estimated with reasonable accuracy using information on only three 
variables (i.e. maximum canopy storage, average rainfall depth and time 
interval between two consecutive rainfalls in a month). It also proposes a 
methodology to derive location-specific equations with higher accuracy when 
additional weather data are available.  
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This part of the study also explores the influence of green roof on water 
routing. Using a one-dimensional hydrological model, three important 
characteristics of green roofs: hydraulic conductivity, soil thickness and 
storage capacity are examined in different time scales. It demonstrates that the 
time and magnitude of peak discharges are strongly affected by the design of 
green roofs. It also shows that green roof performance varies among regions 
due to different rainfall characteristics, and analyses on a single storm event or 
a series of storm events yield different results. Overall, it brings insights to our 
understandings on the influence of green roofs on water routing and the proper 
upscaling of green roof model to the large scale catchment hydrological 
model. 
(2) Evaluating urbanization impact on hydrological system in the 
catchment scale and restoration solution 
The second part of this dissertation investigates the hydrological responses to 
urbanization using an integrated distributed hydrological model based on the 
main conditions of the Marina catchment, a highly urbanized catchment in 
Singapore. It first demonstrates current conditions of the catchment. It then 
simulates the condition before urbanization by assuming the entire catchment 
is covered by vegetation. By comparing the results of two scenarios, it 
concludes that urbanization affects the hydrological system significantly in 
terms of changing water balance and water regime. Green structures (e.g. 
green roofs and bio-retention systems) are then implemented to mitigate the 
hydrological impacts of urbanization. Results demonstrate that green roofs 
delay the time and reduce the magnitude of outlet peak discharges while bio-
retention systems mitigate peak discharges and enhance the infiltration rate. 
Therefore, the implementation of both green roofs and bio-retention systems is 
able to restore the flow characteristics similar to the pre-urbanized conditions 
even in a tropical area. The results enhance our understandings of hydrological 
changes during the different phases of urbanization. They are not only 
applicable to Singapore but also to any catchment-level planning of green 








(3) Optimizing green structure locations for stormwater management  
The last part of this dissertation proposes a scheme to determine the optimized 
locations of green structures for stormwater management. As green roofs can 
only be located on the top of buildings, this part of study focuses on the bio-
retention system location. A genetic algorithm is written and used as an 
optimization tool, and it generates varying combinations of the bio-retention 
system locations. The generated combinations are used as the input to the 
integrated distributed hydrological model. The combination that gives the 
lowest outlet discharge is then regarded as the best solution. Developed 
separately from the hydrological model, the genetic algorithm is not only 
transferable to other study areas but also can be coupled with any hydrological 
models most suitable for any particular case study. 
Overall, the results of this dissertation advance the knowledge of the 
vegetation-hydrology interactions in tropical urban areas, which benefit 
stormwater management. Using the Marina catchment in Singapore as a case 
study, some of the results, such as the throughfall equation and the genetic 
algorithm code in the bio-retention location optimization, are not only 
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CHAPTER 1. INTRODUCTION  
1.1. Problem Overview  
Hydrologic and vegetation systems are intrinsically interrelated. Urbanization 
replaces vegetation with impervious surfaces, significantly influencing 
hydrological processes. The impacts could be even more significant in tropical 
areas due to frequent and high intensity storm events. Therefore, there is a 
strong interest to better understand the hydrological processes and their 
interactions with vegetation to mitigate water related problems such as 
flooding. The interactions involve a number of complex and dynamic 
processes, ranging in scale from plot to catchment level. Computational 
modeling is required to evaluate the influences of urbanization and predict the 
effectiveness of problem mitigation. This dissertation first examines the 
hydrology-vegetation interactions at a plot scale. The understanding is then 
upscaled to evaluate the influences of urbanization at the catchment scale. In 
addition, the low impact development is introduced to formulate flooding 
mitigation solution. The location of the low impact developments (e.g. rain 
gardens, bio-retention swales, constructed wetlands, green roofs) are also 
considered via an optimization model.  
1.1.1 Interaction of vegetation and hydrological system 
Vegetation has great impact on the hydrological system by controlling in-
fluxes and out-fluxes, and redistributing water among the system components. 
At the same time, the changes in hydrological system characteristics affect the 
condition of vegetation dynamically. Thus, vegetation and hydrological 
system are closely interconnected with each other.  
Figure 1.1 shows the typical interactions between vegetation and hydrological 
systems. Before reaching the ground, part of the precipitation is intercepted by 
the vegetation canopy. When the canopy reaches a saturated state, water will 
channel down through the stem. The remaining precipitation passes through 
the canopy and reaches the ground. It then infiltrates into the ground, 
replenishes the subsurface water or contributes to surface runoff and routes to 
the river eventually. At the same time, evaporation/ evapotranspiration also 
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takes place. Plants use the intercepted water from the canopy and the extracted 
for evapotranspiration. Surface water from and soil water also contribute to the 
evaporation process. The state of art relating the processes of vegetation-
hydrological system interaction is addressed in the following. 
 
Figure 1.1 Interaction between vegetation and hydrological system 
Stemflow and throughfall  
Throughfall is the precipitation that reaches the ground after going through the 
canopy. It is important to know the amount of throughfall as it reflects the 
amount of water supplies for hydrologic budget. To date, a number of 
researches have attempted to estimate the throughfall amount. Studies first 
stated factors affecting the amount of interception such as: duration and 
intensity of rainfall, the area and roughness of the plants’ surfaces which retain 
or absorb water (combined as canopy storage capacity) (Larcher 1983). For 
example, interception of grass is much lesser than that of trees in short rainfall 
and high evaporation demand conditions (Laio et al. 2001); high rainfall 
intensities, long-duration storms, open plant canopies and smooth bark give 
less interception (Lunt 1934, Sharma et al. 1987, Farrington et al. 1991). In 
addition, rainfall occurrence frequency is also an important factor during the 
interception process (Bache and MacAskill 1984). During the periods with 
less frequent rainfall, much of the rainwater is retained as the canopy is dry. 
When the rain is more frequent, intercepted water is less due to the remaining 
water from the previous event.  
While there is some understanding of throughfall and its dependent factors, 
there is still little knowledge on evaluating throughfall generically. Although 






location specific and it is difficult to transfer the results from one location to 
other.  
Stemflow is the flow that created from the intercepted precipitation which is 
channelled down through the stem. The amount of stemflow is insignificant 
most of the time. However, it can be as high as 22% of precipitation in some 
cases (Návar and Bryan 1990). When stemflow is strong enough, it can 
potentially enhance infiltration rate and increase the soil-water flux 
significantly. 
Infiltration and percolation 
Infiltration is the movement of water from the surface through the soil profile 
under influences of gravity and capillarity. It involves three processes: entry 
through the soil surface; depletion of available soil capacity, and transition 
through the soil (Bache and MacAskill 1984). These processes not only 
depend on the soil texture and hydraulic conductivity but also vegetation 
(especially the entry through the soil surface). The litter on the soil surface 
produces the organic matters which bind soil particles and increases their 
porosity. The coverage of canopy and litter protects the soil surface from the 
raindrop impact (Maitre et al. 1999), which potentially cause erosion, 
compaction and sealing of soil surface, consequently lowering the infiltration 
rate. Table 1.1 shows the effects of canopy on the infiltration rate. Focusing on 
the canopy specifications, the relative infiltration rate is higher when the 
canopy/ litter coverage area is larger.  Moreover, vegetation increases the 
surface roughness coefficient, giving more time for water to infiltrate. For 
instance, under the same climatic condition, the infiltration rate of the area 
with litter and grass basal coverage is nine time higher than the bare soil 




Table 1.1 Relationship between infiltration rate, soil texture and canopy 
specifications (Maitre et al. 1999) 

















(Kennard and Walker 1973) 
Variable 
Complete litter cover 
Partial litter cover 





(Belsky et al. 1989) 
Loamy 
Under canopy A. tortilis 
Open field 













Not only canopy, the roots of vegetation also affect subsurface water recharge 
via preferential flow. Preferential flow is an uneven and often rapid vertical 
movement through the root channels, increasing the percolation rate. It 
depends on the depth and coarseness of vegetation root systems: the deeper the 
root can reach, the higher the percolation rate; the vegetation roots with the 
coarser size generate the larger void space in the soil resulting in higher 
amount of infiltrated water. Thus, it leads to significant changes in recharge 
rate. Together with the movement of water, solute is also transported via 
pathways.  In the study of Allison and Hughes (1983), they observed the 
penetration depth of the water in Western Australia period over of 20 years 
with different types of vegetation on the surface. The results showed that 
rainwater can reach the depth of 12 meters beneath the eucalypt forest, but 
only the depth of 2.5 meters beneath the wheat land. It was further concluded 
that more water is able to penetrate through the soil and reach the saturated 
groundwater due to preferential flow. There is little knowledge about 
preferential flow due to the difficulty in defining the contribution of 
preferential flow on subsurface root structure of vegetation and in 
understanding non-equilibrium of flow. Furthermore, researches are mostly 








Evapotranspiration and subsurface water extraction 
Beside interception, vegetation also reduces subsurface water recharge by 
extracting the water from the soil for evapotranspiration purposes. The amount 
of water for this process can be quite significant with the typical fraction from 
45% to 80% (Larcher 1983). It is controlled by two factors: the atmospheric 
demand, and availability of water in the soil. 
Atmospheric demand determines the maximum amount of water transpired 
under a typical climate condition including temperature, incoming radiation 
and relative humidity, called as potential evapotranspiration. The hourly 
potential evapotranspiration is calculated using the Penman (1948) - Monteith 
































where  is the latent heat of vaporization (MJ/kg), E is the hourly potential 
evapotranspiration (mm/hour), Δ is the slope of saturation vapour pressure - 
temperature curve (kPa/
0
C), Hnet is the net radiation (MJ/m
2
.hour), G is the 
heat flux density to the ground (MJ/m
2
.hour), air is the air density (kg/m
3
), cp 




z is the saturation 
vapour pressure of air at height z (kPa), ez is the water vapour pressure of air at 
height z (kPa),  (kPa/0C) is the psychometric constant, rc is the plant 
resistance (s/m), ra is the diffusion resistance (s/m). 
The availability of water in soil defines together with the potential 
evapotranspiration the actual amount of evapotranspiration. If the water is 
sufficient, the amount of water uptake will equal to water demand. If the soil is 
too dry, the uptake is less. Vegetation with root within the unsaturated zone 
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mostly takes up water from the unsaturated zone for the evapotranspiration 
process. To define the uptake amount from the unsaturated zone, Guswa et al. 
(2002) suggested the soil moisture threshold values. These thresholds include 
the saturation threshold (𝑠∗) above which uptake is equal to demand; the 
wilting threshold (sw) below which there is no water uptake and the plant will 
wilt; the field capacity (𝑠𝑓𝑐) below which the rate of gravity drainage becomes 
negligible relative to evapotranspiration; and hygroscopic saturation (𝑠ℎ) at 
which evaporation ceases.  When relative soil moisture content is in the range 
of 𝑠∗and 𝑠𝑤, the uptake is less than the demand but the plants still stay 
“healthy”. Figure 1.2 shows the relationship between the amount of 
transpiration and the relative soil moisture content evaluated by the saturation 
thresholds. If the relative soil moisture content drops below the critical value 
(wilting point), the plant will wilt and die eventually. If the relative soil 
moisture content is above the critical value, the plant will be at the normal 
condition and the transpiration rate will reach the maximum at the saturation 
point.  
 
Figure 1.2 Dependence of transpiration rate with the saturation threshold 
(Guswa et al. 2002) 
Differing from the shallow root vegetation where the evapotranspiration rate 
can be controlled by the relative soil moisture, vegetation with deeper roots 
takes water directly from groundwater. As a result, the groundwater level 
declines due to vegetation extraction. At the same time, lowering water table 






table fluctuations are riparian zones and wetlands. In the riparian systems, the 
plants tap into water stored in river banks or into groundwater that is 
discharged to the rivers. Some vegetations are highly adaptable to the 
fluctuations of the water table, while others are sensitive to the water stress 
exacted by sudden lowering of the water table (Stromberg et al. 1996). 
Groundwater extraction may have serious impacts on the natural system. The 
sudden changes in the depth of water table may cause stress and partial or 
complete mortality in large trees (Bernadez et al. 1993, Stromberg et al. 1996).  
However, depending on the particular condition, vegetation may response 
differently to the changes. If the extraction of the water table is in the 
acceptable range, there will be minimum effect on vegetation. Thus, 
groundwater should be managed within an acceptable fluctuation range for a 
death of particular plant.   
Surface runoff  
Suitable vegetation decreases surface runoff and prevents soil erosion 
(Tromble 1976, Reid et al. 1999, Chaplot and Bissonnais 2003, Dunjó et al. 
2004, Kothyari et al. 2004, Zhang et al. 2004, Mohammad 2005). Vegetation 
increases the infiltration rate via canopies, roots and litters, reducing the 
effective rainfall that contributes to runoff. Meanwhile, vegetation coverage 
acts as surface roughness elements slowing down overland flow, reducing 
streamflow discharges especially during the peak period. In addition, some 
vegetations function as the temporal storage, delaying the effective rainfall for 
a period of time before it contributes to runoff and streamflow.  To date, there 
is limited research on the delaying effect of vegetation. Most previous studies 
have focused on the reduction of runoff and stream flow due to the decrease of 
effective rainfall.  
Rangeland degradation (Snyman 2005, Al-Seikh 2006) or deforestation 
increases runoff risks (Singer and Le Bissonnais 1998, Vacca et al. 2000, 
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Snyman 2005, Al-Seikh 2006, Mohammad and Adam 2010) and significantly 
increases stream flow. For example, streamflow discharge increases by 45% 
due to clearing of 40% coverage in the Comet river basin, Queensland, 
Australia (Siriwardena et al. 2006); by 24 % due to clearing of 19% coverage 
in Tocantins river, central Brazil (Siriwardena et al., 2006). Nevertheless, the 
changes of runoff due to changes in coverage also depend on the size of 
catchment. The impact of land cover on streamflow in large catchments often 
contrasts those observed in small catchments (Peña-Arancibia et al. 2012). 
Thus, these results are location specific and hard to transfer to other 
geographical locations.  
Eco-hydrology 
The interactions between hydrologic-vegetation systems are considered as 
eco-hydrological processes and are briefly summarized here.   
Eco-hydrology plays a major role in a wide range of scientific issues such as 
hydrological processes (Rodriguez-Iturbe and Porporato 2004). Currently, it is 
the most useful approach for evaluating the ecological mechanisms involved 
in water cycling and water resources management. Exploring soil-water stress 
is one key issue in eco-hydrology. It is particularly important for a long-term 
study on the relationship between the vegetation and the changes in regional 
climate and water circumstance (Wainwright 1996). Although eco-hydrology 
is considered to be a new cross-disciplinary field of study from an academic 
point of view, the essence of the science-related issues involved in eco-
hydrology have been applied to ecological restoration. This section will first 
reviews the influences of vegetation on soil moisture dynamics, then the 
effects of soil moisture dynamics on vegetation condition, and finally the 
water balance of soil-vegetation system.  
The response of vegetation to soil moisture dynamics: Climate, soil control 
vegetation dynamics and vegetation plays an important role in controlling 
water balance. Therefore, vegetation has a special role in water-control 
ecosystem (Rodriguez-Iturbe et al. 2001, Rodriguez-Iturbe et al. 2001). There 
are two main characteristics of vegetation that decides the dynamics of water-






Vegetation interacts with the soil dynamics and climate through the depth of 
the active soil or root depth and the canopy area (Laio et al. 2001). The 
influences of vegetation root on infiltration rate as well as soil moisture losses 




= 𝜑[𝑠(𝑡); 𝑡] − 𝜒[𝑠(𝑡)] (1.2) 
where n is porosity; Zr is the depth of active soil or root depth; s(t) is the 
relative soil moisture content; φ is the rate of infiltration from rainfall; and χ is 
the rate of soil moisture losses from the active soil.  
Figure 1.3  shows the roles of different vegetation types on soil water balance. 
Beside the main processes such as evapotranspiration, canopy interception 
thoughfall, surface runoff, vegetation root affects the infiltration rate and the 
soil moisture losses though the thickness of the active soil as described in 
Equation 1.3. Within this layer, the existence of the root changes the 
compaction and the porosity of the soil, affecting not only the infiltration rate 
and soil moisture content but also the exchange of rainwater between this layer 




Figure 1.3 Roles of different vegetation types on soil water balance (Laio et al. 
2001) 
Vegetation water stress is the concept to describe the relationship between soil 
moisture and two levels of physiological activities (transpiration point and 































where Str [-] is water stress, s [-] is relative soil moisture content, s
*
 [-] is 
maximum point, and sw [-] is wilting point.  
The water stress defines the water uptake for the vegetation and the amount of 
evapotranspiration from the vegetation. The water stress varies from 0 to 1 
depending on the actual soil moisture condition and the minimum water 
required for each type of vegetation (i.e., wilting point). If the water in the soil 
is sufficient, the amount of water uptake will equal to water demand (Str = 1). 
If the soil is dry, the uptake is less (Str < 1). If the water in the soil is below 







Characteristics of soil moisture dynamics under vegetation condition: Soil 
moisture content depends on the local and regional characteristics of soil, 
vegetation and climate (mainly precipitation and evaporation) (Rodriguez-
Iturbe et al. 2001, Liu et al. 2005). Soil moisture deficit (water deficit) 
corresponds to water stress in vegetation (Porporato et al. 2001).  
Differences in soil moisture dynamics are the principal reasons for the 
existence of particular functional vegetation types (Rodriguez-Iturbe et al. 
2001). Figure 1.4 below presents the linkiages between soil moisture deficit 
and vegetation water stress. Vegetation needs to maintain a suitable amount of 
water to maintain its growth and survival; it also requires a continuous flux of 
water to perform main processes such as photosynthesis and nutrient uptake. 
Soil moisture deficit has an essential control on vegetation conditions. 
 
Figure 1.4 Linkages between soil moisture deficit and vegetation water stress. 
(Porporato et al. 2001) 
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Water balance of soil–vegetation system: Most of the water balance of the 
soil-vegetation system is studied via soil-vegetation models which increase 
significantly in number recently. Liu et al. (2005) study the system non-
linearly (based on the vegetation catastrophe point) considering vegetation 
factors (i.e. cover rate, growth and decay rates); climatic conditions (i.e. 
rainfall, precipitation and evaporation) and soil conditions (i.e. soil moisture 
disregarding runoff and irrigation). Later on, Zhang and Schilling (2006) 
looked at the effect of land cover on water table, soil moisture, 
evapotranspiration (ET), and groundwater recharge.  The study found that for 
the same soil type, vegetated soils retain more infiltrated precipitation (due to 
soil moisture loss from ET) and recharge less to the groundwater than bare 
soils. However, under high intensity rainfall, vegetated soils recharge more to 
the groundwater. Different from other previous research on soil-water 
vegetation system, DeMichele et al. (2008)  described the water exchanges 
between soil-vegetation and the dynamics of vegetation not associated with 
any well-defined control volume. Therefore, soil water content is unbounded 
and never approaches any saturation limit. He introduced the boundary of the 
system, so called water-limited ecosystems, in which vegetation dynamics is 
influenced by the water stored in the soil layer occupied by roofs (referred as 
root zone). Apart from numerical model, the soil-vegetation relationship was 
also carried out through experiment. Wang et al. (2008) defined linear 
relationship between accumulative infiltration in bared soil and rainfall is 
linear according to the experiment. More recently, Ryan et al. (2010) 
developed the conceptual model to redesign vegetation, enhancing the 
moisture retention in different scales with the consideration of the runoff 
component.  
Literature reviews show that understanding the water balance of the soil-
vegetation system using soil-vegetation model needs to account for vegetation 
factors, climatic conditions as well as soil conditions. The level of details of 
each factor depends on the purposes of the model. This is the good foundation 
for the understanding of the interaction between vegetation and hydrological 






1.1.2 Managing hydrology – vegetation interactions for 
sustainability of urbanization 
 
Figure 1.5 Interactions between vegetation and hydrological system in urban 
area 
Similar to the conditions in non-urbanized areas, urban areas also experience 
deforestation with even a faster rate. Accompanying with the loss of 
vegetation is the rapid replacement of soil with the impervious surfaces. These 
activities change the routes of stormwater runoff, leading to various impacts 
on streamflow (McCuen 1998). Furthermore, the increase of imperviousness 
limits infiltration and groundwater recharge which also indirectly decreases 
the rate of groundwater discharge to the stream (Arnold and Gibbons 1996) 
because the rate of change in baseflow is controlled by groundwater storage 
(Meyboom 1961). Shaw (1994) summarised all the five major impacts of 
urbanization on the hydrology as:  
 Higher proportion of precipitation appears as surface runoff  
 The catchment response to precipitation is accelerated and the lag time 
between precipitation and runoff is decreased  
 Peak flows are increased  
 Low flow is decreased due to reduced contributions from groundwater 
storage 
 Water quality is degraded  
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Some of these impacts will be even more significant in tropical regions as the 
intensity and frequency of rainfall increase significantly. 
Management solution 
To mitigate the change of hydrological condition in urban areas, a new 
approach of stormwater management called as the Low Impact Development 
(LID), has been introduced. By implementing green structures, it is possible to 
restore the pre-urbanized hydrological conditions. Examples of green 
structures are rain garden, bio-retention swale, constructed wetland, and green 
roof. They function as various temporal storages of rainwater and then channel 
the water to the drainage system gradually. Due to the detention and retention 
functions, they minimize and delay peak flows during storm events and restore 
flows during dry periods. Different types of green structures have different 
specific properties, depending on the characteristics and designs. This section 
focuses on discussing the following common green structures: rain garden, 
constructed wetland and green roof.  
Rain garden/ Bio-retention swale: Bio-retention system is a planted 
depression that provides rainwater runoff collected from impervious urban 
areas (like roofs, driveways, walkways, parking lots, etc.) the opportunity to 
infiltrate. A bio-retention swale consists of a bio-retention system at the bases 
of the swale (PUB 2011). It reduces the amount of rainfall contributing to 
runoff by allowing stormwater to infiltrate into the storage areas. Thus, it 
provides stormwater treatment and a conveying function. It reduces the runoff 
velocity in the receiving waterways during the rainfall periods. A bio-retention 
swale is usually located at the parks, car parks, easements, roadway corridors 
within the foot paths or along the canals.  
Constructed wetland: Constructed wetland systems are shallow and 
extensively vegetated water bodies that use enhanced sedimentation, fine 
infiltration and pollutant uptake to remove pollutants from storm water. 
Similar to a bio-retention swale, it also has the conveying function but it 







Green roof: Green roof is a vegetated coverage which is installed at the roof 
of the building, reducing the impervious surface in an urban area. Vegetation 
used for green roof is mainly grass. Beside the planted coverage, the storage 
system is set up below to collect all the rainwater reaching the roof. When the 
storage space is filled up, the water is drained out gradually through the 
drainage system. Not only does a green roof acts as a conveyance, it also 
reduces the heat island effect. Furthermore, many individual green roof 
structures can potentially create a significant reduction of impermeable areas 
over the entire catchment.  
Vegetation has great influences on the hydrological system by re-directing the 
rainfall, controlling river discharge, and affecting infiltration rate, groundwater 
recharge and storage. These influences might become more significant in 
tropical urban areas due to rapid deforestation and increase in impervious 
areas. Rainfall characteristics are also more extreme in terms of intensity and 
frequency. Although the effectiveness of vegetation is immediate and visible 
to surface water, it is necessary to consider the groundwater component as it is 
one of the recharge component to the surface water and it controls the well-
being of vegetation. Furthermore, one of the distinguishing characteristics of 
existing or future urban conditions is the existence of man-made green 
structures such as rain garden, bio swale, green roof, etc. Through well-
managed and distributed green structures, it is feasible to minimize the 
urbanization impacts.  
1.1.3 Catchment – scale hydrological model and additional tools 
Hydrological model  
It is very challenging to assess the impact of vegetation on the hydrological 
system as it is the result of the multiple processes within the hydrological 
system such as canopy interception, plant evapotranspiration, water and soil 
evaporation, infiltration, overland flow, and groundwater flow. Therefore, 
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hydrological modelling needs to be carried out, and it should meet research 
requirements as well as computational efficiency. Several criteria are stated 
below for model selection. 
Table 1.2 Model selection criteria and specific requirements 
Model Selection Criteria Specific Research Requirements 
Required model outputs important to the 
proposed study 
Water budget components 
Detail river discharge 
Exchange between surface and subsurface 
water 
Exchange between groundwater and river 
discharge 









Availability of input data Climate data 
Topography, soil, land use map 
River network information 
Required temporal and spatial scale Catchment scale 
Yearly duration with the hourly time step 
base 
All hydrological models are divided into the following three main categories: 
lumped model, semi-distributed model and distributed model (Cunderlik 
2003). In the lumped models, parameters do not vary spatially within the 
domain. Thus, the domain response can only be evaluated at the outlet and the 
sub-domain response is not considered. As only a single value is used to 
represent the entire watershed, the parameters often do not accurately reflect 
the physical characteristics of the hydrological processes. One of the methods 
to evaluate the impact of spatial distribution in the basin is the area-weighted 
average (Haan et al. 1982). These models have simple structures and minimal 
data requirements leading to efficient set up and calibration, and also easy to 
use. They have advantage of being efficient provide satisfactory results. 
Therefore, they are widely used for discharge prediction (Beven 2000). 
However, several important hydrological processes are not included, such as 
reservoir routing, infiltration and sub-surface simulation. Thus, the lumped 






The semi-distributed model is the simplification of the distributed model in 
which parameters are spatially distributed. Parameters of the semi-distributed 
models vary in space depending on the varying characteristics in sub-domains.  
The semi-distributed model uses either the simplified version of surface/ sub-
surface flow equation (kinematic wave theory model) or the probability 
distribution of input parameters across the basin (probability distributed 
model) (Cunderlik 2003). Hence, it is more refined than the lumped model and 
less demanding on input data than a fully distributed model. However, given 
the specific requirement of the present study of modelling the hydrological 
system in urban areas with the consideration of green structures, the spatial 
variations of parameters must be very detailed. Despite the high demand in 
input data as well as long simulation times, the fully distributed model is the 
most suitable tool for this particular research. More details of different types 
of models are summarized from the Appendix A. 
Mike SHE (System Hydrologique European), integrated hydrological model, 
is chosen for this research. It was developed by Danish Hydraulic Institute 
(DHI) Water Environment Health. Mike SHE is the coupled model between 
river routing modelling (Mike 11), overland flow and groundwater modelling 
(for both unsaturated and saturated zone). It gives a complex hydrological 
modellinganalysis of surface and subsurface water systems which covers 
different stages of water flow: rainfall, overland flow, river flow, infiltration 
into soil, evapotranspiration from vegetation and groundwater flow. Even at 
large catchments, Mike SHE can be run at the minute-interval time steps for 
several years of simulations. Together with its sophisticated process 
representation as well as accurate simulation capability, its graphical user 
interface supports both pre- and post-processing. Further details about Mike 






Despite the complex hydrological processes and analyses simulated by Mike 
SHE, several aspects of the model need to be improved to support the purpose 
of this study. Statistical techniques and programming (Compaq Visual 
Frotran) skills are required for data pre-processing, plot-scale modelling and 
upscaling. COMSOL Multiphysics (COMSOLAB 2010) is also introduced for 
the integrated hydrological modelling in the plot scale. COMSOL is a generic 
partial differential equation (PDE) solver that is robust in handling coupled 
equations. In addition, it is flexible and easy to use. Therefore, COMSOL is 
selected for this research. Genetic algorithm written in Visual Basic is applied 
for optimization of stormwater management. 
1.2 Research Objectives  
The main objective of this dissertation is to advance the understanding of the 
interactions between vegetation and the hydrological systems in tropical urban 
areas for the sustainable water resources management. To tackle this, 
integrated distributed hydrological model is adopted in this study, using the 
Marina catchment in Singapore as a case study. Although the model involves a 
number of complex and dynamic processes, some of the important processes 
(evapotranspiration, canopy interception …) are not well implemented or well 
characterized for tropical urban areas. Hence, these processes need to be first 
explored in the plot scale. Furthermore, the dissertation also suggests possible 
solutions to mitigate the water management problems associated with 
urbanization. It is divided into three parts with the specific research questions 
for each part stated below. 
(1) Examining the influences of vegetation on hydrological processes in 
the plot scale 
Vegetation-hydrological interactions have potential impacts on water 
resources via a number of processes. Canopy interception is an 
important process as it determines the amount of rainwater recharging 
the hydrological system. This process is often included or described in 
the hydrological models through several parameters. Due to the lack of 






calibration process. These parameters might give a good match 
between observation and modelling results. However, it might not 
reflect the physical phenomenon. Thus, it would be beneficial if one 
could obtain these parameters through understanding the principles of 
phenomenon. As mentioned in Section 1.1.1, part of precipitation is 
intercepted inside the canopy before reaching the ground. The 
intercepted water depends on rainfall characteristics as well as 
vegetation characteristics. For some cases, this amount can be quite 
significant (up to 40% of total rainfall (Ford and Deans 1978)). It 
raises the first research question of (1) whether it is feasible to estimate 
interception rainfall with a given the specific conditions of vegetation 
and climate (Chapter 2 for detail). 
In urban areas, LID has been introduced to mitigate the hydrological 
impacts of urbanization. Examples of such hydrologic controls include 
green roofs and bio-retention systems. Even though there are many 
variants of green structures, green roofs and bio-retention systems are 
representative of most kinds of green structures as they comprise the 
main hydrologic restoration mechanisms of surface runoff delay and 
infiltration enhancement. In the catchment-scale hydrological models, 
while the bio-retention systems can be simplified as areas with higher 
hydraulic conductivity, the green roofs require further study due to its 
complexity involving various hydrological processes. Therefore, the 
second research question is to explore the influences of green roofs on 
water retention and detention, and the methods to upscale individual 
plot-scale green roof modelling to the catchment-scale modelling 
(Chapter 3 for detail) 
(2) Evaluating urbanization impact on hydrological system and restoration 
solution in the catchment scale  
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Vegetation provides numerous advantages for water resource 
management, especially water balance (between different hydrological 
components) and water regime (e.g., flash flood and groundwater 
replenishments).  An example of the advantages is that vegetation acts 
as a rough surface that slows overland flow. This reduces the flow rate 
giving the water sufficient time to infiltrate. The vegetation – 
hydrology interaction can be further understood using a fully 
distributed hydrological model at the catchment scale. The integrated 
model evaluates the impact of urbanization on the hydrological system 
by examining the system with and without the vegetation and concrete 
surface, correspond to the so called pre-urbanized and urbanized 
condition. Therefore, this part (3) explores the water balance and water 
regime during urbanization in which vegetated surface cover is 
replaced with impervious coverage (Chapter 4 for detail).  Another 
characteristic of urban area is the possible implementation of green 
structures. Although, green structures have been proved to provide 
environmental benefits (e.g. reducing heat island effect, improving the 
water quality), limited studies have explored its hydrologic effects in 
tropical urban areas. Therefore, a green structure is implemented in the 
hydrological model using the plot scale information. (4) The 
effectiveness of green structures in restoring pre-urbanized condition at 
a catchment level is then evaluated (Chapter 4 for detail). The results 
enhance our understandings of hydrological changes during the 
different phases of urbanization. They are not only applicable to 
Singapore but also catchment-level planning of green structures in 
other urban areas. 
(3) Optimizing green structure locations for stormwater management  
The knowledge of the vegetation – hydrology interactions is applied to 
the sustainable water management purposes.  For the larger scale 
planning such as catchments, optimizing the implementation of green 
structures is crucial as the green structures not only have to be 
sufficient to avert the urbanization problem but also strike the balance 






needs to be answered is (5) strategically determine the location of 
green structures for BMP and LID (Chapter 5 for detail). 
1.3 Thesis Overview 
This dissertation is organized into six chapters. The first chapter covers the 
overview of the research, background of the problem and research objectives. 
The following four chapters are written as journal articles. The last chapter 
concludes and summaries the scientific contributions of this dissertation. 
Further details of each chapter are presented hereafter. 
Chapter 1 states research problems and objectives, also includes the 
background information on the vegetation – hydrology system 
interactions in general as well as in tropical urban area. 
Chapter 2 proposes the empirical equations to estimate throughfall 
based on canopy and rainfall characteristics. The accuracy of the 
equations can be further improved depending on data availability. This 
chapter is published in Hydrological Processes (Trinh and Chui 2012), 
and is reprinted in this dissertation with permission from John Wiley 
and Sons Publishing.   
Chapter 3 explores the influence of green roofs on water routing. The 
understanding of the influences of green roofs on water routing 
contribute to the proper upscaling of green roof model to the large – 
scale hydrological model. The content of this chapter has been 
submitted to the Ecological Engineering for potential publishcation. 
Chapter 4 investigates the hydrological responses to urbanization 
using an integrated distributed hydrological model of the Marina 
catchment, Singapore. Through different scenarios (pre-urbanized, 
urbanized and restored), the results enhance our understandings of 
hydrological changes during different phases of urbanization. This 
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chapter is published in Hydrology and Earth System Sciences (Trinh 
and Chui 2013), and is reprinted in this dissertation with permission 
from Copernicus Publications.   
Chapter 5 proposes a scheme to determine the optimized locations of 
the bio-retention systems for stormwater management via the use of 
genetic algorithm. Coupling with the hydrological modeling in the 
Marina Catchment, Singapore, the optimization model recommends 
the optimal combinations which give the lowest outlet discharge. The 
content of this chapter has been submitted to Journal of Hydrology for 
potential publishcation. 
Chapter 6 concludes the findings of this dissertation and proposes 







CHAPTER 2. AN EMPIRICAL METHOD FOR APPROXIMATING 
CANOPY THROUGHFALL 
To examine the influences of vegetation on hydrological processes in the plot 
scale, this chapter proposes a simple-to-use method to estimate throughfall via 
canopy characteristics and rainfall characteristics. Further details are below. 
2.1 Abstract 
Rainfall replenishes surface and subsurface water but is partially intercepted 
by a canopy. However, it is challenging to quantify the rainfall passing 
through the canopy (i.e., throughfall). This study derives simple-to-use 
empirical equations relating throughfall to canopy and rainfall characteristics. 
Monthly throughfall is calculated by applying a mass balance model on 
weather data from Singapore, Vancouver, Canada and Stanford, USA. 
Regression analysis is then performed on the calculated throughfall with three 
dependent variables (i.e., maximum canopy storage, average rainfall depth and 
time interval between two consecutive rainfall in a month) to derive the 
empirical equations. One local equation is derived for each location using data 
from that particular location and one global equation is derived using data 
from all three locations. The equations are further verified with calculated 
monthly throughfall from other weather data and actual throughfall field 
measurements, giving an accuracy of about 80 to 90%. The global equation is 
relatively less accurate but is applicable worldwide. Overall, this study 
provides a global equation through which one can quickly estimate throughfall 
with only information on the three variables. When additional weather data are 
available, one can follow the proposed methodology to derive their own 
equations for better estimates.        
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2.2  Introduction  
 Vegetation surface redistributes rainfall at or near the ground through the 
process of interception, influencing the water balance of a hydrological 
system. The rainfall passing through plant canopy and reaching the ground is 
known as throughfall. Throughfall replenishes surface water and soil moisture, 
as well as recharges groundwater (Figure 2.1). Both rainfall interception and 
throughfall varies in time and space, depending on vegetation structure, 
rainfall characteristics and weather conditions, etc. 
 
Figure 2.1 Rainfall interception and throughfall in hydrological system 
Despite its importance in hydrological systems, no simple and generic method, 
to the best knowledge of the authors, has been proposed to estimate 
interception or throughfall. Burgy and Pomeroy (1958) is one of the pioneer 
work in which they measured the interception in a portable green house with 
grown grass. Adapting the same idea, Crouse et al. (1966) estimated grass 
interception in California, U.S.. More recently, Lee (2000) examined urban 
tree throughfall by measuring the amount of rainfall under trees and in open 
areas in Singapore. Xiao et al. (2000) and Asadian and Weiler (2009) also set 
complex and automatic throughfall recording systems in Central Valley of 
California and in Vancouver coast, respectively. However, the above methods 






Other than field measurements, a number of interception models have been 
introduced using two main approaches as summarized by Muzylo et al. 
(2009): (1) using probability distribution to calculate the number of raindrops 
that fall onto the canopy and are intercepted and (2) using mass balance to 
calculate total rainfall interception. Most of the models consider vegetation 
canopy as one layer (Rutter et al. 1971, Gash 1979, Massman 1983, Mulder 
1985, Gash et al. 1995, Liu 1997, Valente et al. 1997, Zeng et al. 2000, Van 
Dijk and Bruijnzeel 2001, Murakami 2007) Some however account for 
vegetation structure by considering rainfall angle of incidence and leaf 
inclination (Xiao et al. 2000), and model heterogeneous canopy structure 
three-dimensionally (Sellers and Lockwood 1981, Liu 1988). These models 
give more accurate results but require detailed rainfall and weather 
information, and even three-dimensional canopy structure in some cases.  
The objective of this study is to derive simple-to-use empirical equations 
relating throughfall to canopy and rainfall characteristics that are easy to 
obtain. The equations should provide throughfall estimates for various 
vegetation types and the methodology proposed to derive the equations should 
be transferable to different locations. 
2.3 Methodology  
2.3.1 Overview 
Hourly weather data from three different locations (i.e., Singapore; 
Vancouver, British Columbia, Canada and Stanford, California, United States) 
are divided into two subsets – the first subset with four years of data is used to 
derive the empirical equations while the second subset with one to two years 
of data is used to verify the equations. To derive the equations, the first subset 
of data is used as inputs of a mass balance model (MBM) to calculate the 
percentage of throughfall in a month for different maximum canopy storages 
(0.1 to 10 mm). It is further analysed for average rainfall characteristics in a 
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month (e.g., average rainfall depth and time interval between two consecutive 
rainfalls). The calculated throughfall from MBM is then used in a regression 
analysis to derive the empirical equations relating throughfall with canopy and 
rainfall characteristics. 
Throughfall =  (Canopy Characteristics, Rainfall Characteristics) (2.1) 
The derived equations are mathematically verified by comparing their 
throughfall estimates with calculated monthly throughfall from the MBM 
using the second subset of data. Further verification is performed by 
comparing their throughfall estimates with throughfall field measurements 
from the three locations that are involved in deriving the equations as well as 
one additional location (Fontainebleau, Ile de France, France) that is not 
involved in the deriving the equations.  
2.3.2 Mass balance model (MBM) 
Based on the method of Neitsch et al. (2001), the MBM considers the 
vegetation canopy as a bucket of water (Figure 2.2). The only source to the 
bucket is rainfall and the only loss is evaporation.  Throughfall only occurs 
when the bucket is completely full. All water in the bucket is available for 
evaporation and evaporation only occurs when there is no rainfall.  
 
Figure 2.2 In-flux and out-flux of a canopy “bucket” 
The MBM is developed using FOTRAN with all the fluxes calculated on an 






specific maximum canopy storage accounting for all the rainfall events in the 
month. The flow chart (Figure 2.3) describes all the steps in the MBM where 
N is the total number of hours in a month (-) , n is the current hour (-),  P is 
hourly rainfall (mm/hr), PG is cumulative throughfall in the month (mm/hr), pG 
is hourly throughfall (mm/hr), Smax is maximum canopy storage (mm), Int is 
intercepted water in the canopy (mm/hr), ETp is potential evapotranspiration 
or actual evaporation estimated from Penman-Monteith method (mm/hr), 
Sempty is the remaining capacity of the canopy bucket (mm).  In other words, 
Sempty equals to the difference between maximum canopy storage and 
intercepted water, and simply equals to maximum canopy storage if the bucket 




Figure 2.3 Flow chart of mass balance model (MBM) in calculating monthly 
canopy thoughfall 
2.3.3 Potential Evapotranspiration / Actual Evaporation 
The hourly potential evapotranspiration is calculated using Penman (1948) – 
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z is the saturation vapour pressure of air at 
height z (kPa)     3.2379.11678.16exp0  TTe
z
, ez is the water vapour 
pressure of air at height z (kPa) 0
zhz
eRe  (Rh is the relative humidity (-)),  
(kPa/
0
C) is the psychometric constant     622.0Pc
p
 , rc is the plant 
resistance (s/m), ra is the diffusion resistance (s/m). 
Using weather and vegetation information, diffusion resistance and plant 
resistance is defined as (Choudhury et al., 1986): 
  














where zw is the height of wind speed measurement (cm), zp is the height of 
humidity and temperature measurement (cm), d is the zero plane displacement 
of wind profile (cm) - 
c
hd 32 , hc is the height of the plant canopy (cm), zom 
is the roughness length for momentum transfer (cm) - 
com





hz  for hc > 200cm, zov is the roughness length for 
vapour transfer (cm) - 
omov
zz 1.0 ,  is the Von-Karman constant (-), uz is the 







  (2.4) 
where rl is the minimum effective stomata resistance of a single leaf (s/m) - 
assuming that 
al
rr  , LAI is the leaf area index (-)   4.1ln5.1 
c
hLAI . 
2.3.4 Choice of Variables in Empirical Equations 
The empirical equations should include the most relevant canopy and rainfall 
characteristics that are also relatively easy to determine. One obvious canopy 
variable is maximum canopy storage which is not difficult to obtain compared 
to the others. It can be extracted directly from existing literature for certain 
vegetation types (Llorens and Gallart 2000) estimated through leaf area index 
(Kristensen and Jensen 1975). For rainfall characteristics, there are a number 
of common variables such as rainfall intensity, rainfall duration and time 
interval between two consecutive rainfall events. This study adopts the MBM 
to keep track of “masses” or the fluxes coming in and out of the canopy 
storage. Therefore, rainfall depth (i.e., total amount of rainfall in one event) is 
more relevant than rainfall intensity and duration. Furthermore, rainfall depth 
is the combination of rainfall intensity and duration and thus one variable of 
rainfall depth partially incorporates information of the other two variables. 
Finally, the time interval between two consecutive events provides the 
relationship between rainfall events which affects the amount of canopy 
interception. Therefore, the three most relevant dependent variables identified 
to derive to the equations are (1) maximum canopy storage, (2) rainfall depth 
and (3) time interval between two consecutive rainfall events. The equations 
estimate monthly throughfall and thus the rainfall depth and time interval 
between two consecutive rainfalls used in deriving the equation are also 
average monthly values. 
2.3.5 Regression analysis 
As there are more than two variables in the empirical equations, the commonly 
adopted regression surface analysis is not directly applicable.  One can apply 
regression surface analysis to fit each pair of variables and obtain the average 






However, this averaging technique reduces the quality of the overall fit. 
Therefore, this study applies the multi-dimensional regression analysis using 
MATLAB, and identifies the best fitting function by examining the results 
from different ones (e.g., linear, exponential, power). The coefficients are 
approximated by the least square method, in which the sum of square 
deviations is at its minimum.  
2.3.6 Data Availability and Usage 
This study uses data in three different locations (i.e., Singapore; Vancouver, 
British Columbia, Canada and Stanford, California, United States) to derive 
and mathematically verify the empirical equations (Table 2.1). Data in 
Singapore is from the weather station located in National University of 
Singapore Kent Ridge campus and managed by Department of Geography. 
Data in Vancouver is from the Canada National Climate Data and Information 
Archive for the station at Vancouver International Airport (Vancouver Int'l A). 
Data in Stanford is from Jasper Ridge Biological Preserve, Stanford 
University. All the weather data (atmospheric pressure, relative humidity, air 
temperature, net radiation and wind speed) are of hourly interval.  
Table 2.1 Data availability and usage 
Field data verification is carried out by comparing the throughfall estimates 
from the equations with actual throughfall measurements. The throughfall 
measurements in Singapore are from Lee’s fieldwork in National University of 
Singapore Kent Ridge campus for three types of trees (i.e., Fagraea frangrans, 
Samanea saman and Casuarina nobilis) in January 2000. The throughfall 
 Equation Derivation Mathematical Verification 
Singapore 4 years 
(from 2007 to 2010) 
2 years 
(2005, 2006) 
Vancouver 4 years 
(from 2000 to 2003) 
2 years 
(2004, 2005) 
Stanford 4 years 





measurements in Vancouver are from Asadian and Weiler (2009) in the 
district of North Vancouver for Douglas-fir and Cedar from October 2007 to 
June 2009. To the best efforts of the authors, no throughfall measurements can 
be obtained in Stanford for field data verification.  
For further verification, another set of throughfall measurements in 
Fontainebleau, Ile de France, France from 1985 to 1986 is used. This set of 
data is not used to derive the equations and can thus perform “non-biased” 
verification. The measurements were on Oak trees and were from Laboratory 
Ecology, Evolution and Systematics, Université Paris-Sud. 
2.3.7 Local and Global Equations 
This study uses two approaches: local and global. In the local approach, data 
in each location are used to obtain a specific equation for that particular 
equation. In global approach, data in three locations are all used to obtain one 
equation, known as the global equation. Both approaches use the same 
methodology and the same range of data for verification as explained in 
previous sections.   
2.4 Results and Discussions 
2.4.1 Fluxes of Mass Balance Model  
To better illustrate the MBM, the daily fluxes for Singapore in January 2006 
with a maximum canopy storage of 5 mm (dotted line) are shown in Fig. 4. On 
the first day, the total rainfall depth (i.e., the summation of throughfall and 
canopy interception) was much higher than the maximum canopy storage, 
filling up the bucket completely. The storage in the bucket gradually depleted 
over the next few days through evaporation because there was no rainfall 
event. If water from a previous event (e.g., Day 4) still remained in the bucket 
during a new event (e.g., Day 5), the amount required to fill the bucket would 
be less resulting in more throughfall. Fig. 4 thus illustrates the influence of 







Figure 2.4 Daily MBM components in Singapore (January 2006) 
2.4.2 Local Equations 
Based on the data and information in each location (i.e., Singapore, Stanford 
or Vancouver), the local equation for each specific location is derived. The 
equations and the R-squared values in the multi-dimensional regression 
analysis are shown in Table 2 where PG is the throughfall percentage (%); D 
is the monthly average rainfall depth (mm); I is the average time interval 
between two consecutive rainfall events in a month (hour) and Smax is 
maximum canopy storage (mm).  Data from rainy months is best fitted with 
second order polynomial expansions. Alexandris and Kerkides (2003) found 
that the relationship between potential evapotranspiration and climate data are 
well fitted with a polynomial function. Therefore, it is not surprising that 
throughfall, which greatly depends on potential evapotranspiration, also fits 




Table 2.2 Local equations and associated R-squared values 
 Local Equation R
2











































G  (2.7) 0.86 
2.4.3 Sensitivity Analysis of Local equations 
To evaluate the influence of dependent variables on the estimated throughfall, 
sensitivity analysis is carried out on all three local equations. First, the rainfall 
characteristics (i.e., rainfall depth and time interval between two consecutive 
rainfall events) are kept constant while the maximum canopy storage varies 
from 0.1 to 10 mm (Figure 2.5). Three sets of rainfall characteristics are 
assessed, (1) the highest monthly average rainfall depth and its corresponding 
time interval, (2) the lowest monthly average rainfall depth and its 
corresponding time interval, and (3) an actual monthly rainfall depth close to 
the average of the entire data series and its corresponding time interval. At 
highest rainfall depth in Singapore, almost all the rainfall (~100%) reaches the 
ground as throughfall because the maximum canopy storage is relatively small 
comparing with the monthly average rainfall depth (more than 15mm). In 
addition, the time interval between two consecutive rainfall events associated 
with the highest rainfall depth is short (less than 24 hours), giving little time 
for evaporation to empty the canopy storage.  At average rainfall depth, 
throughfall is close to 100% only when the maximum canopy storage is small, 
and it decreases with the increase of maximum canopy storage. At lowest 
rainfall depth, throughfall decreases almost linearly with maximum canopy 
storage and eventually reach 0%.  Similar patterns are obtained in Vancouver 
and Stanford, except the throughfall at those locations in general is lower than 
that in Singapore.   It is expected because in general the rainfall depth is 
smaller and the rainfall events are less frequent in Vancouver and Stanford. 
For the second part of the sensitivity analysis, the maximum canopy storage is 






that have been observed at each location during the rainy months (Figure 2.6). 
Once again, the three locations yield a similar pattern except that throughfall 
in general is highest in Singapore, followed by Vancouver than by Stanford. 
Throughfall increases with the increase of rainfall depth under the same time 
interval between two consecutive rainfall events, and it decreases with the 
increase of time interval under the same rainfall depth. Overall, the sensitivity 
towards the rainfall depth is higher than that towards the time interval for both 
Singapore and Vancouver.  For Stanford, relatively, the rainfall depth is small 
and the time interval between consequence events is high. Therefore, the 
throughfall is sensitive to both rainfall characteristics. Although the local 
equations are empirical, the results of the sensitivities analysis demonstrate 
that they in principle follow the physical processes of throughfall (i.e., 
throughfall is high when rainfall is high and frequent, and when maximum 












  Figure 2.6 Dependence of throughfall on rainfall characteristics 
2.4.4 Verification of Local equations 
The results of both mathematical and field data verifications of local equations 
are shown in Figure 2.7. The “dots” compare throughfall estimates from MBM 
with those from the local equations. The “triangles” compare throughfall 
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measurements with throughfall estimates from the local equations. The points 
should ideally fall onto or around the straight line of y = x, meaning the 
estimates from the local equations match with those from MBM or field 
measurements. The points falling above and below the straight line 
respectively suggest that the local equations over- and under-estimate. 
 






Singapore: The R-squared value between the points (including both the dots 
and triangles) and the straight line is 0.92. Most throughfall percentages fall 
within the range of 60 to 100%. This is also the range in which the local 
equation is more accurate as the points are mostly ± 5% from the straight line 
while the rest (i.e., those below 60%) tend to deviate further from the straight 
line. The MBM accounts for the influence of one rainfall event on the others. 
However, in periods of low throughfall either due to little rainfall or high 
maximum canopy storage, the rainfall events become independent of each 
other. Therefore, the local equation derived based on the MBM and with the 
monthly average time interval between two consequence rainfall events is 
therefore not representative and thus less accurate. In this situation, the rainfall 
depth is usually small compared to the maximum canopy storage. Therefore, 
one can safely assume that all rainfall is intercepted and there is no 
throughfall.   
Vancouver: The points are well distributed from 0 to 100% with an R-squared 
value with the straight line of 0.90. The difference between the local equation 
estimates with either the MBM estimates or throughfall measurements is 
around ± 20%. The equation is once again less accurate when throughfall is 
low (i.e., from 0% to 40%).  With the same reasoning as in Singapore, one can 
assume that there is no throughfall when rainfall depth is small compared to 
maximum canopy storage.   
Stanford: The R-squared value between the points and the y = x line is 0.87 
which is the lowest among the three locations. Ignoring the results below 60% 
following the same reasoning as in the other two locations, the equation 
mostly under-estimates by slightly more than 10%. The relatively lower 
accuracy is because of the wide range of rainfall depth and time interval 
between two consecutive events over a month in Stanford. The monthly 
averages of those two rainfall characteristics is therefore not representative but 
are used in the regression analysis to derive the equation. This implies that one 
40 
 
need to have consistent rainfall characteristics within a period for using the 
methodology proposed in this study.   
2.4.5 Global Equation 















The R-squared value in the regression analysis is 0.88 which is about the same 
as those from the local equations. The global equation, same as the local 
equations, is also a second order polynomial. The coefficient of each term is in 
the same order of magnitude as those in the local equations, meaning the 
influence of each term on throughfall estimates remain similar. 
Estimates from MBM and throughfall measurements from each location are 
used to verify the global equation and the R-squared values between the points 
and the straight line are lower compared to those in the local equations. In 
Singapore, the R-squared value drops from 0.92 (local) to 0.90 (global), and 
the values drop from 0.90 (local) to 0.89 (global) in Vancouver and from 0.87 
(local) to 0.83 (global) in Stanford.  Taking the verification in Singapore as an 
example (Figure 2.8), most points fall within the range of 60 to 100% which is 
similar to the verification of the Singapore local equation (Figure 2.7). 
However, the points tend to deviate further away from the y = x line.  Overall, 
the error increases an average of about 5% for all three locations. 
For further verification of the global equation, another set of throughfall 
measurements from Fontainebleau, which is not used in the derivation of the 
global equation, is used. By comparing the throughfall measurements and the 
throughfall estimates from the global equation in Figure 2.9, most of the points 
fall on or close to the straight line. The two points furthest from the straight 
line (with errors of above 20%) might due to the high variation of throughout 
data in general. As each throughfall value was taken from the average of 57 
points from 57 locations surrounding, high standard deviation value could 






analysis and more concrete conclusion. However, the R-squared value of 0.80 
shows that the global equation is reasonably accurate in other locations that 
have not been used to derive the equation.    
 
Figure 2.8 Verification of global equation in Singapore  
 




There are a few points to be noted or emphasized when applying the derived 
equations or the proposed methodology to estimate throughfall. Firstly, the 
methodology is more accurate for locations in which the rainfall 
characteristics are consistent and the average values are representative. 
Secondly, the equations only consider maximum canopy storage and can thus 
be easily applied to locations with mixed vegetation. Thirdly, the methodology 
only considers maximum canopy storage from 0.1 to 10 mm. If the canopy 
storage is less than 0.1 mm, the influence of vegetation canopy is so small that 
one can assume 100% throughfall. If canopy storage is more than 10 mm, the 
influence of vegetation canopy is so strong that one can assume 0% 
throughfall. Fourthly, if the throughfall estimate from the equations is lower 
than 30 to 40%, one can also simply assume 0% throughfall (as discussed 
previously in the results of the local equations). Last but not least, this paper 
presents results from analysis performed at monthly intervals. However, the 
proposed methodology in fact is reasonably accurate for any time intervals 
(e.g. ten days to a season) as long as there are a few rainfall events of 
relatively consistent characteristics.   
2.6 Conclusions 
This paper derives empirical equations for estimating monthly canopy 
throughfall using maximum canopy storage, average rainfall depth and time 
interval between two consecutive rainfall in a month. One local equation is 
derived for each location (i.e., Singapore, Vancouver, Canada or Stanford, 
USA) using data from only that particular location and one global equation is 
derived using data from all three locations. One should choose the equation or 
the approach based on the availability of data at the location of interests. If 
only hourly rainfall data are available, one should use the global equation 
derived in this paper to estimate throughfall. It gives an acceptable error of ± 
10 to 20% and only requires average rainfall depth and average time interval 
between two consecutive rainfall in a month. However, if other hourly weather 
data (i.e., atmospheric pressure, relative humidity, air temperature, net 






proposed in this paper to derive their own local equations because local 
equations tend to give better accuracies of ± 5 - 10%. 
Although this study neglects some factors influencing throughfall (e.g., 
canopy structure and wind dynamics), the derived equations give quick but 
reasonably accurate throughfall estimates with minimal information.  The 
results of this study facilitate more complete and accurate analysis of 
hydrological balances as it has always been difficult to quantify throughfall.  
The derived equations or the established approach can also be easily 
incorporated in numerical hydrological models for better throughfall 
simulation.   
 
Although throughfall is one of an important component in the hydrology-
vegetation interactions, other plot scale processes need to be considered under 
urbanized condition. In urban area, low impact developments (such as green 
roofs and bio-retention systems) area been introduced to mitigate the 
hydrological impacts. Therefore, it is essential to understand the hydrological 
behaviors of such hydrologic controls. Next chapter will explore hydrological 




CHAPTER 3. PERFORMANCE OF GREEN ROOF FOR 
STORMWATER MANAGEMENT IN TROPICAL REGIONS 
3.1 Abstract 
To mitigate urban flooding, green roof has been introduced as one of the low 
impact development practices as it decreases surface runoff and river 
discharge. To date, most green roof studies are based on physical experiments. 
Hence, they are site-specific (mostly in temperate regions) and time-specific 
(during monitoring period). They also only focus on examining the influences 
of one or two particular characteristics of green roof. The objective of this 
study is to investigate the hydrological behaviour of green roofs of different 
characteristics in tropical regions over both a specific event as well as an 
annual period. A one-dimensional hydrological model is built in a generic 
partial differential equation solver, which is calibrated and validated with 
experimental results. Using Singapore to represent the conditions in tropical 
regions, a storm of 3 month average recurrence interval (ARI) is selected for 
event analysis, while a typical one-year rainfall data is used to evaluate 
average performance. The simulation results show that the characteristics 
examined (i.e., soil hydraulic conductivity, soil layer thickness and storage 
reservoir capacity) strongly affect the time and magnitude of peak discharge in 
the 3 month ARI event, but only storage reservoir capacity affects the amount 
of rainwater retained in the system. For average annual performance, both 
hydraulic conductivity and soil thickness affect infiltration rate. Due to the 
different combined responses to series of storm events, green roof 
performance varies widely with retention rate from 0 to 50%, peak delay from 
22 minutes to more than 5 hours and peak reduction from 15 to 96%. 
However, over an annual period, the presence of storage reservoir does not 
affect green roof’s performance in stormwater mitigation. Compared to 
temperate regions, the varying performance in the tropics can result in a wider 
fluctuation of the timing and magnitude of peak discharge in the receiving 
drainage system. Overall, this study provides a more comprehensive 
understanding of the influences of green roof characteristics as well as rainfall 






beneficial and applicable to water resource planning and management in 
tropical urbanized areas.  
3.2 Introduction 
Urbanization transforms many green surfaces to impervious ones. Urban areas 
are therefore always facing various water related problems such as intensified 
stormwater runoff, diminished groundwater recharge and stream channel 
encroachment (Stone Jr 2004). To mitigate these problems, LIDs have been 
commonly applied in recent years. Green roof, is one example LID practice 
and is able to reduce high runoff and increase rainwater retention during 
rainfall (Bengtsson et al. 2005; Mentens et al. 2006; VanWoert et al. 2005). 
Compared to other LID practises, green roofs have the advantage of requiring 
no additional space (Villarreal and Bengtsson 2005).  
The concept of green roof started in Germany in 1930s to protect the roof from 
UV light and heat (Köhler and Poll 2010). Over time, it has been developed 
for other environmental benefits. The current green roof consists of four main 
components: vegetation layer, soil layer, geotextile filter and drainage material 
(or storage reservoir) (Czemiel Berndtsson 2010). Functioning as a micro-
catchment on the top of the building, it includes all the main hydrological 
process such as: rainfall, plant interception, evapotranspiration, infiltration and 
storage. Hence, green roof brings numerous benefits to living conditions in 
urban area such as: heat island effect mitigation (Fang 2008; Takebayashi and 
Moriyama 2007; Wong et al. 2003); noise reduction (Van Renterghem and 
Botteldooren 2009); reduction of air pollution (Currie and Bass 2008; Yang et 
al. 2008); enhancement of wild life habitat and biodiversity (Dunnett et al. 
2008; Gedge and Kadas 2005) and improvement of water quality (Hathaway 
et al. 2008; Palla et al. 2010). Besides, green roofs also offer benefits to 
stormwater management by reducing surface runoff, lowering the risk of 
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urban flooding and improving water balance (Bengtsson et al. 2005; Mentens 
et al. 2006). 
To date, there are numerous researches about the influences of green roof on 
stormwater management. These researches are mainly based on physical 
experiments. The limitations of such approaches are that the results are limited 
to the experiment duration and specific to the location. For example, Gregoire 
and Clausen (2011)’s study examined the effects of green roof on runoff and 
water quality under weekly and individual rain storm samples of runoff and 
precipitation in University of Connecticut, Storrs, United States. Teemusk and 
Mander (2007) also focused on the effects of short term performance of green 
roof on runoff quantity and quality in Estonia. In addition, most researches 
were carried out in temperate regions: Germany (Köhler and Poll 2010), 
Sweden (Bengtsson et al. 2005), U.S Pacific North West (Schroll et al. 2011), 
and Estonia (Teemusk and Mander 2007), etc. Relatively little research has 
been performed in subtropical and tropical regions about the performance of 
green roof on stormwater management. In Taiwan, local studies of green roof 
performance are few, except for its thermal effect (Chen 2013). Similarly, 
studies in Hong Kong are mainly about thermal regime (Jim and Peng 2012). 
Therefore, it would be beneficial to evaluate green roof performance on 
stormwater management in tropical regions over a specific storm event as well 
as average long term basis.      
Examining the influences of green roof characteristics on hydrological 
behaviors, previous studies focus mainly on one or two factors. Scholz-Barth 
(2001) and Köhler et al. (2002) observed the influences of soil thickness on 
retention rate. Results show that increasing the thickness from 2 to 15 cm 
increases the volume retention from 58% to 72% (Scholz-Barth 2001). Carter 
and Rasmussen (2006) and Simmons et al. (2008) investigated the influence of 
rainfall intensity, and found that the retention depends greatly on rainfall; the 
smaller the rainfall, the higher the retention: green roof retains 88% of small 
storm (< 25.4 mm); more than 54% of medium storm (25.4-76.2mm); and 
48% of large storm (>76.2mm) (Carter and Rasmussen 2006). While 
VanWoert et al. (2005) investigated the effect of both thickness and slope 






larger amount of water than the one built on 6.5% slope; Villarreal and 
Bengtsson (2005) was more specific in rainfall intensity and slope: the 
increase in slope and rainfall intensity decreases the retention rate. Combining 
the results from the above results, it is concluded that green roof hydrological 
performances are influenced not just by a single factor, but by a myriad of 
factors. 
The objective of this paper is to develop a more comprehensive understanding 
about green roof performance in rainwater retention and peak discharge 
attenuation for stormwater management in tropical region over a specific 
storm event as well as average long term basis. 
3.3 Methodology 
To perform a quantitative evaluation, one-dimensional green roof hydrological 
behavior is simulated using a generic partial differential equation solver 
COMSOL Multiphysics (COMSOLAB 2010). The model is calibrated using 
van Spengen’s experiment (van Spengen 2010) which was carried out at 
National University of Singapore, Singapore in 2009. His experiment 
measured the rainfall-runoff processes that occurred on 1 x 1 m green roof 
platforms with a 21 cm thick soil media. The calibrated model is then used to 
evaluate the runoff characteristics by varying the green roof properties (i.e., 




3.3.1 One-dimensional green roof model 
 
Figure 3.1 Components of one-dimensional green roof model 
Figure 3.1 shows the main components of one-dimensional green roof model. 
The domain of green roof model is divided into two sub-domains: the soil 
layer and the storage layer (for the case with storage reservoir).  



































  (3.1) 
in which P is pressure head in Pa, Cm is specific moisture capacity in 1/m, Se [-
] denotes the effective saturation, D is elevation in m, S is the storage 
coefficient in 1/Pa, κs gives the hydraulic permeability in m
2
, μ is the fluid 
dynamic viscosity in Pa.s, kr[-] denotes the relative permeability, ρ is the fluid 
density in kg/m3, g is acceleration of gravity in m
2
/s, and Qm is the fluid 
source (positive) or sink (negative) in kg/(m
3
.s). 
The top boundary is a rainfall infiltration boundary condition, developed using 
the methodology proposed and verified by Chui and Freyberg (2009). In this 
method, Cauchy boundary condition (mixed boundary condition) is applied by 



















in which K is hydraulic conductivity in m/s, Rb is the conductance of materials 
between the source and the model domain in 1/s, Hpb is ponding elevation in 
m, and D is surface elevation in m. The boundary condition is configured as 
follows: When the amount of infiltration is smaller than rainfall depth due to 
low soil hydraulic conductivity, water would pond on top of the green roof for 
further infiltration over time. When the maximum ponding depth is reached, 
rainfall becomes direct surface runoff without going through the green roof 
system.  
Within the storage reservoir, the change of storage volume in time is the 
difference between inflow and outflow at the particular time instance. For one-
dimensional modeling, the change of water level in the reservoir in time is 
simply the difference between inflow and outflow per unit surface area, 









in which h is water level of the reservoir in m, In is inflow, and Out is outlet 














in which Qperf is outlet flow rate in m
3
/s, B [-] is blockage factor, Cd[-] is 
orifice discharge coefficient, A0 is total area of the orifice in m
2
, and h is depth 
of water above the orifice in m. 
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Outlet discharge per unit surface area of green roof is calculated based on the 










Plant interception and evapotranspiration processes play important roles in 
removing part of the rainfall before reaching the soil or reducing water in the 
soil as well as storage layer. Plant interception coefficient is estimated based 
on Trinh and Chui (2012)’s method. Potential evapotranspiration is calculated 
based on the weather data (air temperature, wind condition, humidity, air 































in which  is the latent heat vaporization in MJ/kg, E is the hourly potential 
evapotranspiration in mm/hour, Δ is the slope of saturation vapour pressure, 
Hnet is the net radiation in MJ/m
2
.hour, G is the heat flux density to the ground 
in MJ/m
2
.hour, air is the air density in kg/m
3
, cp is the specific heat at the 




z is the saturation vapour pressure of air at 
height z in kPa, ez is the water vapour pressure of air at height z in kPa,  is the 
psychometric constant in kPa
0
C, rc is the plant resistance in s/m, and ra is the 
diffusion resistance in s/m. 
Actual evapotranspiration from the soil layer is calculated based on potential 
evapotranspiration and water stress (which is a function of maximum soil 









































in which ETa [mm/hour] is actual evapotranspiration, Str [-] is water stress, s 
[-] is relative soil moisture content, s
*
 [-] is maximum point, and sw [-] is 
wilting point. 
For the system with storage reservoir, the water in the reservoir is also 
evaporated. The amount of evaporated water is calculated from Penman-
Monteith equation with similar climate condition except the temperature is 
assumed to be 2
o
C cooler than the soil surface as the reservoir is covered by 
the top soil. The evaporated water becomes an additional water source for the 
soil layer above if the soil is not fully saturated or goes to atmosphere 
otherwise. 
3.3.2 Model calibration and validation 
Data for model calibration and validation is from the experiment of van 
Spengen. In his study, green roof was set up without storage system, with a 
soil thickness of 21cm, and an outlet discharge at the bottom of green roof. 
One event on 19
th
 September is selected for calibration. As most of the factors 
(e.g., soil thickness, outlet elevation and storage capacity) are fixed, the model 
was calibrated by adjusting soil properties. The calibrated soil properties are 
then validated by comparing the model result and the experimental data in the 
first two weeks of September.  
3.3.3 Green roof characteristics 
To have a more comprehensive study, the main components of green roof that 




 The first characteristic is soil hydraulic conductivity which affects the 
infiltration of rainwater into the system. While low hydraulic conductivity 
produces low infiltration rate during the heavy storm, it gives the rainwater 
more time to go through the green roof system. In contrast, high hydraulic 
conductivity leads to high infiltration rate, but water goes through the system 
in a short period of time. Studies show that the typical hydraulic conductivity 





example, Palla et al. (2011) suggested the hydraulic conductivity of 3.3x10
-
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 m/s; the value can be as high as 0.1m/s (Palla et al. 2008). For this 
study, the value from van Spengen (2010)’s study (1.06 10-4m/s) was used and 





The second characteristic is thickness of the green roof which affects the 
duration at which the rainwater will remain in the system as well as the 
holding capacity of the system. In general, green roofs may be divided in two 
types, namely intensive and extensive depending on the thickness. Extensive 
green roof is a lightweight and thin system, while intensive green roof is thick, 
heavy and can be walked in (Palla et al. 2010). In this study, the actual 
thickness of the system is examined instead of differentiating between 
intensive and extensive ones. Table 3.1 presents the green roof thickness in 
different studies. From the references, the soil thicknesses of 10cm, 21cm 
(value from van Spengen (2010)’s study), 30cm and 50cm are selected for this 
study. 
Table 3.1 Variation of soil thickness of green roofs (Czemiel Berndtsson 2010) 
Soil thickness (mm) 
Reference 
Intensive Extensive 
150 – 1200 50 – 150 Kosareo and Ries (2007) 
> 500 - Köhler et al. (2002) 
150 – 350 30 – 140 Mentens et al. (2006) 
> 100 < 100 Hien et al. (2007) 
> 300 - Bengtsson et al. (2005) 
> 100 20 – 100 Graham and Kim (2005) 
 
The last characteristic is capacity of the storage reservoir, which situates at the 






reservoir, and is assumed to be circular with a radius of 1.5 cm. Rainwater that 
has infiltrated and drained through the soil layer enters the storage reservoir.  
When the reservoir is full, the water will then discharge out of the system. The 
storage reservoir with depths of 0, 1.5, 3, 4.5 and 6cm are selected for 
simulations. 
3.3.4 Singapore rainfall analysis 
To have a more complete picture about green roof’s behaviour, the 
performances of systems will be evaluated during one typical storm event as 
well as on an average long term basis.  
A storm with a 3 month ARI is selected for a typical event simulation as 3 
months cover one monsoon season. A design hyetograph of 3 month ARI is 
generated from intensity-duration-frequency relationship using alternating 
block method. For this study, an event of 12 hours (the longest duration of the 
given 3 month ARI) and an interval time 5 minutes are selected. The generated 
3 months ARIs is presented in Figure 3.2. 
 
Figure 3.2 Hyetograph of designed rainfall with 3 months return period 
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Although 3 month ARI is a representative storm event of Singapore, the 
responses of the green roof system may behave differently under an elongated 
period of time because of the combined effects of numerous events. To 
evaluate the average long term performance, one typical year is selected from 
9 years of rainfall data from National University of Singapore. Different 
characteristics (such as rainfall depth, rainfall duration, rainfall intensity, and 
time interval between two consecutive rainfall events) of each yearly series, as 
well as a combined 9 year series are plotted using log-normal function. The 
representative value for each rainfall characteristic is defined. It is then 
compared with the value of the 9 year series to select the year which most 
represents the typical rainfall condition. Rainfall of year 2009 is selected for 
the simulation as its characteristics is similar to the 9-year rainfall 
characteristics. The rainfall depth and time interval in 2009 are 2.29 mm and 
13 hours, while the average value for 9 years are 2.54 mm and 12 hours, 
respectively. The rainfall duration and intensity are the same with 2 hours and 
1.397mm/hour respectively. The rainfall depth can be as low as 0.3mm and as 
high as 90mm, and the event can last for 5minutes or up to 5hours. 
3.3.5 Simulation plan 
Event simulations and average performance simulations are carried out using 
the rainfall data as described in the previous section. For yearly simulation, 
pressure head of 0cm is set as initial condition. The result of yearly simulation 
is then used as initial condition for event simulation.  For both type of 
simulations, green roof characteristics are combination of different soil 
thickness, hydraulic conductivity as well as reservoir storage capacity. Each 
type of simulation is divided into three groups: 





m/s. Soil thickness is 21 cm. There is no reservoir 
storage at the bottom of the system.  
 Soil thickness influences: Soil thickness varies from 10, 21, 30cm to 
50cm. K is at the value of 1.06x10
-4
m/s. Similar to the previous case, 






 Reservoir storage capacity influences: Storage reservoir is at the 
depth of 0, 1.5, 3, 4.5 and 6cm. K is at the value of 1.06x10
-4
m/s and 
Soil thickness is 21 cm.  
3.4 Results 
3.4.1 Model calibration and validation 
The event on 19th September 2009 is selected for calibration and the K of 
1.06x10
-4
 m/s provides the best matching between the measured and simulated 
hydrographs as shown in Figure 3.3.  
The K is then applied for validation on a number of storm events in first two 
weeks of September. The validation results are presented in Table 3.2. There 
is no outlet discharge in both simulated and measured results for rainfall less 
than 2.5 mm (1 inch). For most of the other and larger rainfall events, the 
relative errors between the simulated and measured outlet discharges are 
within an acceptable range. Only the error of the 5
th
 Sep event is higher than 
5%.  However, during that particular event, the depth of outlet discharge 
(system out-flux) is higher than rainfall depth (system in-flux). This unusual 
observation suggests a possible measurement error.   
Both calibration and validation results show that the one-dimensional green 





Figure 3.3 Comparison between the measured and simulated rainfall events on 
19th September, 2009 
Table 3.2 Model validation using rainfall events in September 2009 




Depth of outlet discharge 
(mm) Relative error 
(%) 
Simulated Measured 
04/09/2009 10:50 6.78 5.70 5.74 0.77 
05/09/2009 02:18 6.02 5.76 6.21 7.27 
06/09/2009 06:36 31.21 29.33 29.06 0.92 
11/09/2009 11:13 22.06 20.46 20.53 0.36 
17/09/2009 03:06 1.00 0.48 0.5 4.47 
17/09/2009 10:11 15.91 14.59 14.36 1.60 
18/09/2009 11:37 7.14 6.63 6.58 0.80 
18/09/2009 14:53 6.75 6.38 6.11 4.34 
19/09/2009 10:15 13.59 13.23 13.14 0.70 
 
3.4.2 Event analysis 
The runoffs in response to 3 month ARI event under various hydraulic 
conductivities are first examined (Figure 3.4). Three different types of runoffs 
are taken into consideration. When rainwater reaches the green roof, part of it 






some is retained within the system and some is evaporated. The rest drains out 
of the system and is referred to as outlet discharge. The rainwater which does 
not infiltrate into the system forming direct runoff is termed surface runoff in 
this paper. Total runoff is then a combination of outlet discharge and surface 
runoff which together flows into the receiving drainage system.  
Results show that K has great influence on both surface runoff and total 
runoff. As a rule of thumb, the higher the K, the more rainwater infiltrates into 
the green roof system, and the less rainwater contributed to the surface runoff. 




m/s, the peak outlet discharges are 0.02 and 
0.018mm/s under the maximum rainfall intensity of 0.022mm/s. In these two 
cases, there is no surface runoff; all the rainwater infiltrates into the system 
and then becomes outlet discharge. For the case with K = 1.06x10
-5
m/s, the 
base of the hydrograph is wider and there is a reduction of peak discharge. 
However, in the case of K = 10
-6
m/s, most of rainwater becomes surface 
runoff, resulting in a narrow total runoff hydrograph with a very high peak 
value.  Therefore, the case with K = 10
-5
m/s seems to be a good compromise 
for stormwater management because part of the rainwater contributes to outlet 
discharge.  The total runoff hydrograph thus has a lower peak with a 
prolonged recession limb, which potentially mitigates flooding. For all the 
cases, there is no rainwater retained in the system (i.e., total runoff volume is 




Figure 3.4 Runoff under different soil hydraulic conductivities during 3 month 
ARI condition 
Figure 3.5b compares the outlet discharges under different hydraulic 
conductivities, showing the reduced magnitude as well as the delay of peak 
discharge. At K = 10
-3
m/s, the outlet discharge responds to the rainfall almost 
immediately. In other words, there is no time delay in peak discharge. As K 
decreases, peak discharge is reduced and delayed. Time delay is 10 minutes 




m/s, respectively.  
To evaluate the influence of soil thickness on outlet discharge, simulation 
results of different soil thickness, but same K of 1.06x10
-4
m/s, are presented in 
Figure 3.5c. The infiltration rate is the same for all the scenarios as infiltration 
rate is mainly dependent on K. At soil thickness of 10cm, the shallowest 
depth, outlet discharge is almost immediate. Outlet discharge volume is 
slightly less than the infiltration volume as part of the rainwater remains 
within the system as soil moisture or is evaporated. As the green roof system 
becomes thicker, rainwater takes a longer time to reach the outlet. For the 
21cm system, the hydrograph is almost the same as the case of 10cm but with 
a slight peak discharge delay of 5minutes. However, the hydrograph reshapes 
to have a falling limb that is much gentler than the rising limb in the 30cm 






the green roof thickness does not affect the retention rate of the system under 
the 3 month ARI event, the reshaped hydrograph suggests a delay and a 
decrease in peak outlet discharge. At the thickness of 30cm, the peak 
discharge reduction and delay are at 0.08mm/s and 15minutes, respectively. 
These values are even higher, 0.012mm/s and 40minutes, at the thickness of 
50cm. Based on the previous results relating to the influence of K in outlet 
discharge, only small amounts of rainwater becomes direct runoff at K = 
1.06x10
-4
m/s and outlet discharge is the main component of total runoff. 
Therefore, the delay and reduction of peak discharge of outlet discharge are 




Figure 3.5 Influences of green roof characteristics on outlet discharge during 3 
month ARI condition 
With K of 1.06x10
-4
m/s and soil thickness of 21cm, the simulation results with 
different reservoir storage capacity are presented in Figure 3.5d. Storage 
capacity, represented as depth of the reservoir, affects outlet discharge volume 
as well as retention capacity. For system with reservoir storage, the rainwater 
that drains through the soil first fills up the storage reservoir and only 
contributes to outlet discharge after the reservoir is full. Since outlet discharge 
is immediate once the reservoir is full, the rising limbs are almost vertical. For 






the magnitude of peak discharge are similar to the case without storage 
reservoir. The influence of reservoir capacity on peak discharge only becomes 
significant at the reservoir depth of 3cm: delaying 20minutes and reducing 
0.01mm/s. For 4.5 cm depth reservoir, the effectiveness is more significant 
with a reduction of 80% and delay of 40minutes. For 6cm depth reservoir, all 
the rainwater stays within the system and either increases the soil moisture 
content or fills up the reservoir.  
3.4.3 Average performance 
Average performance of green roof is examined for the three main green roof 
characteristics, similar to the event analysis. Table 3.3 presents the various 
hydrologic indicators over the annual period. System retention is the ratio 
between outlet discharge and amount of water that infiltrates into the system, 




































1E-6 21 0.0 68 50 35 96 346 
1E-5 21 0.0 93 24 22 84 78 
1.06E-4 21 0.0 100 2 2 49 35 
1E-3 21 0.0 100 0 0 13 34 
Soil thickness 
1.06E-4 10 0.0 90 0 0 15 22 
1.06E-4 21 0.0 100 2 2 49 35 
1.06E-4 30 0.0 100 2 2 71 46        
1.06E-4 50 0.0 100 9 9 83      88 
Storage depth 
1.06E-4 21 6.0 100 29 29 53 52 
1.06E-4 21 4.5 100 27 27 53 109 
1.06E-4 21 3.0 100 26 26 53 99 
1.06E-4 21 1.5 100 21 21 52 36 




K determines the amount of rainwater that infiltrates into the system. When K 
is low, only part of the rainfall infiltrates and flows through the green roof 
system, while a higher K would induce higher rainfall infiltration. The rainfall 
fully infiltrates into the soil at a K of 1.06x10
-4
m/s and above. While, it is 
shown that there is no retention under variance of K over 3 months ARI 
above, K affects the average system retention as well as total retention 
significantly during the annual period. Firstly, the higher system retention 
corresponds to the system with low K. This is however partly because lower K 
leading to lower infiltration as the system retention is the ratio between outlet 
discharge and infiltrated rainwater. Secondly, there is a wide range of storm 
events within one year (as small as 0.3mm and as high as 90mm). For small 
rainfall events, most of the rainwater infiltrates and is retained in the system 
(system retention  100%). For large rainfall events, most of the infiltrated 
rainwater contributes to outlet discharge (system retention  0%). Within this 
study, event with rainfall depth below 2.5mm (the event with the highest 
probability in log-normal distribution) is considered small and that with 
rainfall depth above 2.5mm is considered large. Regarding delay time, in low 
K systems, the delay time is significant with more than 5 hours. However, 
only 68% of rainfall infiltrates, meaning that more than 30% of rainfall 
contributes to direct runoff. The system therefore might not significantly 
attenuate the peak discharge at the receiving drainage system. To strike a 
balance between the trade-offs, K should be high enough so that all rainfall 
infiltrates but not too high that it might not have attenuation on peak discharge 
in the receiving drainage. Similar to the time delay, the peak discharge 
reduction is as high as 96% in the system with K of 1 x10
-6
m/s. However, 
once again, this might not have significant effect to the downstream discharge 
due to low infiltration rate. 
Varying soil thickness from 10cm to 50cm affects the total infiltration volume. 
The thicker the soil layer, the higher the percentage of infiltration. This is due 
to the fact that thicker soil layer has more porous space and thus can hold 
more water. This result differs from that of event analysis in which soil 
thickness does not affect the infiltration rate.  During the event analysis, the 
initial soil moisture contents are assumed to be equal among various 
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thicknesses and that single event does not reach the holding capacity of the 
soil. However, a series of events in the annual simulation fills up the soil layer 
and the thickness of the soil layer affects the time it takes to reach the 
capacity. The thin soil layer may be fully saturated after one event, minimizing 
the infiltration rate thereon and lowering the average infiltration percentage. 
However, this influence is insignificant and it only appears on the green roof 
with thin soil layer of 10cm. Apart from infiltration rate, soil thickness plays 
an important role in delaying peak discharge and prolonging runoff duration as 
the infiltrated water takes a longer time to drain through the thicker layer of 
soil.  The delaying time varies from 20 to more than 80 minutes depending on 
the thickness of the soil.  Although both system retention and total retention 
are small, the average reduction of peak discharge is high. The reduction of 
peak discharge increases significantly at the green roof with thickness 21cm 
and above. It is 50% at the thickness of 21cm and can be as high as 83% at 
50cm thickness. 
In the system with storage reservoir, the retained water is not only kept at 
storage reservoir but also evaporated from the reservoir, recharging the soil 
domain depending on the soil moisture condition. The storage system is 
assumed to be initially empty, and the rainwater has to fill up the reservoir 
before there is any outlet discharge. Simulation results indicate storage 
reservoir does not affect infiltration rate. Larger storage capacity leads to 
better average retention rates. However, the difference in retention rate is 
small when the reservoirs are filled up. The slight difference in retention is 
only because the larger the storage system, the more rainwater is available in 
the reservoir for evaporation. There are significant differences in the delay of 
peak discharge, from 35 to over 100 min.  However, there is no significant 
difference among the average reduction of peak discharge. 
3.5 Discussion 
Examining green roof performances under different characteristics under 3 







Firstly, hydrological behaviours of green roof are strongly dependent on its 
characteristics (i.e., K, soil thickness and reservoir storage capacity). 
However, it is the combined effect rather than individual influences that 
determines the hydrological behaviours. For example, the green roof system 
with the same K behaves differently when the soil layer thickness is different.  
Secondly, by varying the different characteristics, green roofs can be designed 
to give the most desired hydrological benefits. However, there is the general 
trade off in selecting the specific value for each characteristic. For example, 
thicker soil layer appears to have higher system and total retentions, high 
reduction of peak discharge and longer peak delay.  However, increasing the 
thickness of the soil layer would result in a higher loading on the roof of the 
building. High K increases the infiltration of rainwater into the system. But in 
systems with high K, the rainwater drains through the system too quickly 
exerting minimal influence in the receiving drainage system. Although the 
storage reservoir has little benefit in stormwater management over an annual 
period and increases building loading, it promotes sustainability by 
minimizing irrigation demands during dry weather. 
Thirdly, green roof performances, in terms of retention and peak discharge 
attenuation, are different in the tropical regions when compared to the 
temperate ones. The retention in tropical regions varies more than the 
temperate one. The simulated values can be as low as 0 and as high as 50% in 
Singapore, whereas the average retention of extensive green roofs in Storrs, 
U.S is  56%, varying between 34% and 69% (Gregoire and Clausen 2011). In 
Graceson et al. (2013)’s study on water holding capacity, retention varied 
from 26% to 48% in Shropshire, U.K. This is due to the differences in rainfall 
characteristics in tropical and temperate regions. The rainfall in tropical 
regions is of higher intensity and frequency compared to those of the 
temperate regions which usually have distinctive dry and wet seasons. The 
amount of rainwater retained within a green roof increases with the number of 
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dry days preceding event, lower rainfall amount, higher temperature and 
evapotranspiration, and a higher water holding capacity of growing media 
(Czemiel Berndtsson 2010; Getter and Rowe 2006; Gregoire and Clausen 
2011; Hathaway et al. 2008; Simmons et al. 2008; Teemusk and Mander 
2007). In terms of the delay in peak discharge, the value in Singapore varies 
from half an hour to a few hours. In temperate areas where the green roof is 
influenced by snow cover, this value can be much longer (Moran et al. 2005; 
Teemusk and Mander 2007). 
Fourthly, this study assumes grass as the vegetation on green roof because of 
its availability and minimum maintenance requirement. However, compared to 
other vegetation, grass appears to have lower interception and 
evapotranspiration rate. Thus, the retention capacity of green roof might be 
higher if other vegetation is used instead. Another factor that has not been 
considered in this study is the slope of green roof as building roofs in 
Singapore are mostly flat. One should consider green roof slope depending on 
the site condition.  
Lastly, considering all the simulation results, there is no definite generically 
“best” value of green roof characteristics. However, it is possible to select 
optimal values for different purposes. For both event and average 
performances, K should be high enough but not too high so that infiltration 
can be maximized but still have a considerable peak discharge attenuation. K 
of 10
-5
m/s is the most suitable value under the conditions of this study. For 
soil layer thickness, the thicker the soil layer the better the hydrological 
performance. However, 50cm thickness would create a heavy loading for the 
roof of the building. Thus, 30cm of thickness is a good compromise. For 
reservoir storage capacity, more storage will bring more hydrological benefits 
during a single storm event. It however does not contribute to long term 
stormwater management and might increase roof top loading. Its capacity 
might therefore be chosen according to vegetation irrigation requirement, 






3.6 Summary and Conclusion 
This study evaluates the performance of green roofs for stormwater 
management in tropical regions. Based on experiment results, a one 
dimensional hydrological model has been developed, calibrated and validated. 
Simulations are carried out using different green roof characteristics over a 3 
month ARI storm event as well as an annual period for average performance. 
The important findings are summarised below: 
1. For 3 month ARI condition, the following hydrological behaviors are 
observed: 
- In the case with high K (K = 10-5m/s and above), there is more 
outlet discharge and less direct runoff and total runoff. In the case 
with smaller K (K = 10
-5
m/s and below), the peak discharge is 
reduced and delayed (as long as 40 minutes). 
- Soil thickness does not affect the infiltration rate. However, when 
the soil layer is thick enough (30cm and above), the falling limb of 
hydrograph becomes more gentle. At 50cm, peak discharge is 
delayed by 40minutes and reduced by 60%. 
- In the system with the reservoir storage, the retention rate is high. 
Water immediately flows out of the system once the reservoir is 
filled up. Thus, the rising limbs are almost vertical. At 4.5cm and 
6cm reservoir depths, reductions of peak are as high as 80% and 
100% respectively.  




- K affects retention rate significantly which ranges from 0% to 
50%. Most of the rainwater is retained in small storm events while 
the retention rate is very low in large storm events. 
- Soil thickness also affects infiltration rate as the system is under 
the combined influence of series of storm events. Only small 
amount of water is retained in the system while peak reduction can 
be as high as 83% at a thickness of 50cm. 
- Storage reservoir has little effect on retention rate and reduction of 
peak discharge because the storage reservoir fills up and does not 
function after a certain period of time. 
The influence of the different green roof characteristics during 3 month ARI 
condition and over an annual period are summarized in the table below. 
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Table 3.4 Influence of green roof characteristics during 3 month ARI condition and average long-term basis 
 
 
Infiltration rate Retention Peak discharge reduction Peak discharge delay 















Hydraulic conductivity   -      
Soil thickness -  -      




3. Assessing green roof influence on stormwater management via 
simulation results, further conclusions can be made:  
- First of all, hydrological behaviours of green roof depend greatly on 
the combination of different characteristics. It is however difficult to define 
generically “best” values of characteristics for stormwater management. It is 
possible though to select optimal values that give the most desired 
hydrological benefits.   
- Next, compared to the temperate region, the retention rate in the 
tropics appears to be lower and has a wider range due to the rainfall condition.  
- Finally, depending on the requirement and condition of a particular 
location, one might also consider the effects of vegetation and slope of green 
roof on stormwater management.  
This study provides a more comprehensive understanding of influences of 
green roof characteristics as well as rainfall conditions on stormwater 
management. The results and conclusions drawn are thus beneficial and 
applicable to water resource planning and management in tropical urbanized 
areas. The improved understandings further serve as a good foundation for 
optimizing green roof properties for many urbanized areas. 
 
Together with Chapter 2, this chapter provide useful information about the 
influences of vegetation pm hydrological processes in the plot scale. These are 
important foundation for catchment modelling. The results of plot scale model 
are transferred and upscaled to catchment model to evaluate urbanization 
impact on hydrological system and restore solution in the catchment scale. The 






CHAPTER 4. ASSESSING THE HYDROLOGIC RESTORATION 
OF AN URBANIZED AREA VIA INTEGRATED 
DISTRIBUTED HYDROLOGICAL MODEL 
4.1 Abstract 
Green structures (e.g., green roof and bio-retention systems) are adopted to 
mitigate the hydrological impacts of urbanization. However, our current 
understanding of the urbanization impacts are often process-specific (e.g., 
peak flow or storm recession), and our characterizations of green structures are 
often on a local scale. This study uses an integrated distributed hydrological 
model, Mike SHE, to evaluate the urbanization impacts on both overall water 
balance and water regime, and also the effectiveness of green structures at a 
catchment level. Three simulations are carried out for a highly urbanized 
catchment in the tropics, representing pre-urbanized, urbanized and restored 
conditions. Urbanization transforms vegetated areas into impervious surfaces, 
resulting in 20% and 66% reductions in infiltration and base flow respectively, 
and 60 to 100% increase in peak outlet discharge. Green roofs delay the peak 
outlet discharge by 2 hours and reduce the magnitude by 50%. Bio-retention 
systems mitigate the peak discharge by 50% and also enhance infiltration by 
30%.  The combination of green roofs and bio-retention systems even reduces 
the peak discharge to the pre-urbanized level. The simulation results obtained 
are independent of field data, enabling a generic model for understanding 
hydrological changes during the different phases of urbanization. This will 
benefit catchment level planning of green structures in other urban areas. 
4.2 Introduction 
Urbanization transforms vegetated areas into impervious surfaces. This causes 
water flow to be redistributed by man-made structures and drainage networks, 
resulting in significant impacts on hydrological conditions (Antrop, 2004; 
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Haase, 2009). The first and foremost impact is the change in water balance 
(DeFries et al., 2004). The replacement of vegetation with impervious surface 
leads to higher surface runoff and river discharge (Bhaduri et al., 2000; Dietz 
et al., 2008; Wang et al., 2005; Du et al., 2012; Ott et al., 2004; Sanders, 1986) 
and also reduces water losses through canopy interception, vegetation 
evapotranspiration and soil evaporation (Dow et al., 2000; Endreny, 2005; 
Rose et al., 2001). Besides surface water, urbanization also affects 
groundwater recharge (Barron et al., 2013). Some suggest that groundwater 
recharge increases due to the reduction in evapotranspiration (Klöcking et al., 
2002; Rose et al., 2001) and/or the leakage from water systems and sewers if 
the groundwater table is lower than the pipe level (Göbel et al., 2004; Lerner, 
1990). Others believe that the additional impervious surfaces decrease 
groundwater recharge due to the reduction of infiltration (Collin et al., 2003; 
Rose et al., 2001; Schoonover et al., 2006). Besides changing water balance, 
urbanization also influences water regime (i.e., pattern of flow) such as 
increasing and decreasing the high and low flows respectively, and also 
increases the daily variation in stream flow locally (Konrad et al., 2005). The 
storm recession period is also significantly shorter in urban streams (Rose et 
al., 2001). As listed above, there are numerous studies examining the 
hydrological impacts of urbanization. Nevertheless, they mostly focus on the 
changes in particular components or processes, and examine the impacts on 
either water balance or water regime. There is thus an incentive to develop an 
integrated understanding on the overall changes in both water balance and 
water regime.   
For environmental benefits and water resources management, there has been 
rising interests to mitigate the hydrological impacts of urbanization and to 
restore pre-urbanized hydrological conditions. One approach is to implement 
small-scale hydrologic control throughout a catchment. Examples of such 
hydrologic controls, known as “green structures” or “low impact development 
practices”, include green roofs and bio-retention systems. Even though there 
are many variants of green structures, green roofs and bio-retention systems 
are representative of most kinds of green structures as they comprise the main 






enhancement. Green roofs collect and retain rainwater falling onto buildings 
for a certain period of time (from hours to days) (Oberndorfer et al., 2007), 
thereby reducing and delaying water discharge to the drainage system. Studies 
have found that green roofs retain 40 – 80 % of precipitation (Hutchinson et 
al., 2003; Palla et al., 2012; VanWoert et al., 2005) and reduce 60 – 80 % of 
peak discharge (Bliss et al., 2009; Mentens et al., 2006; Palla et al., 2012; 
Villarreal et al., 2004). They also tend to retain a higher fraction of 
precipitation in small storms than in large ones (Carter et al. (2006). On the 
other hand, bio-retention systems not only retain stormwater (Xiao et al., 
2011) but also enhance infiltration (Davis, 2008; James et al., 2012). 
Evaluating the effectiveness of bio-retention systems, Holman-Dodds et al. 
(2003) concluded that they do not reduce runoff significantly on the site with 
low infiltration capacity; while Chang et al. (2009) emphasised that it is more 
effective when sited close to the watershed outlet. More quantitatively, Davis 
(2008) showed that with 2% bio-retention system over 0.24 ha area, peak flow 
reduced by 44% to 63%.  However, most of the above studies are in plot-scale 
or small catchments, only evaluating the local impacts of an individual green 
structure.  
The objective of this study is to assess the catchment-scale impact of 
urbanization on both water balance and water regime using an integrated 
distributed hydrological model, Mike SHE. The model included all the main 
hydrological components (e.g., canopy interception, evapotranspiration, 
overland flow, river routing and groundwater) and detailed the spatial 
variations within a catchment. With the use of the integrated distributed 
hydrological model, the feasibility of restoring the hydrological condition is 
examined through the implementation of green roofs and bio-retention 




4.3.1 The Integrated Distributed Hydrological Model 
Urbanization and green structures affect the interactions of various 
hydrological processes such as canopy interception, plant evapotranspiration, 
water and soil evaporation, infiltration, overland flow, and groundwater flow. 
Thus, an integrated hydrological model that accounts for all the above 
processes is needed to access the hydrological impacts of urbanization and 
green structures. Compared to distributed models, lumped models have two 
main limitations. Firstly, the domain response is only evaluated at the outlet 
and sub-domain response is not considered. Furthermore, each characteristic 
of a catchment, despite its spatial variation, is lumped into one single 
parameter which may not truly represent the actual spatial distribution within 
the catchment. This research is interested in sub-domain response and also 
requires the considerations of the heterogeneous land uses including green 
structures in an urbanized catchment. Therefore, despite the high demand in 
input data and long computation time, a fully distributed model is more 
suitable for this study.   
In particular, Mike SHE, a comprehensive deterministic, distributed, and 
physically based modelling system, is selected for this research. Mike SHE 
couples river routing modelling (Mike 11), overland flow and groundwater 
modelling, giving a complex integrated hydrological analysis of surface and 
subsurface water systems. It simulates all major processes in the land phase of 
the hydrological cycle, including precipitation, interception, infiltration, 
evapotranspiration, subsurface flow in unsaturated and saturated zones, 
overland flow and flow in the channel and river. Figure 4.1 shows the main 
components of Mike SHE and their governing equations. The Saint Venant 
equation is solved numerically in two dimensions for overland flow and in one 
dimension for channel flow. The one-dimensional Richards’ equation (or 
simplified gravity equation) is solved for the pressure head (or moisture) 
variation in the unsaturated zone. The horizontal movement of water in 
unsaturated zone is considered negligible. Saturated groundwater flow is 







Figure 4.1 Components of integrated distributed hydrological model 
4.3.2 Green roofs and bio-retention systems – conceptual 
understanding and model implementation  
4.3.2.1 Green roof 
Green roof is a conventional roof covered with soil and vegetation, and 
consists of four main components: vegetation layer, soil layer, geotextile filter 
and drainage material (Czemiel Berndtsson, 2010).  It functions as a micro-
catchment and includes all the main hydrological processes such as: rainfall, 
plant interception, evapotranspiration, infiltration and storage.  Though green 
roof is often installed to save energy and to mitigate the urban heat island 
effect, it has also been shown to benefit stormwater management (Bengtsson 
et al., 2005; Mentens et al., 2006; and VanWoert et al., 2005).  Rainfall needs 
to percolate and infiltrate through the vegetation and soil layers, thereby 
delaying runoff discharge as well as improving water runoff quality 
(Hathaway et al., 2008; Palla et al., 2010).   
The key hydrological impact of a green roof during a storm event is the delay 
in runoff discharge. In MikeSHE, this delay in runoff discharge is simulated 
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by delaying the rainfall in each individual green roof by 3 hours. The duration 
of delay is based on previously published studies; Moran et al. (2004) reported 
a delay time of 3 hours and Rowe et al. (2003) found peak flow was delayed 
by 2 to 4.5 hours. Furthermore, based on the results of the delay time of green 
roof system in Chapter 3, it is reported that the delay value varies from 30 
minutes to more than 5 hours. The selection of 3 hours delay is within the 
results range. Other important hydrological processes, e.g. infiltration, are 
simulated as part of the integrated model as explained in section 2.1.  
However, the detailed flow processes within the different layers of a green 
roof, such as water storage and evapotranspiration, are not simulated given its 
high computational demand and small impact on predicting the overall 
discharge delay of a green roof. In term of water storage, previous studies 
show that there is only small amount of retention during large rainfall events 
(Carter et al., 2006; VanWoert et al., 2005). The current model assumes no 
retention which is conservative but acceptable as tropical rainfall is of high 
intensity and large rainfall events that potentially cause flooding problem are 
of interests. For evapotranspiration, we performed measurement on a plot-
scale green roof in Singapore and the results show that evapotranspiration 
accounts for 5% of total water balance. So, it is considered as insignificant and 
therefore also neglected in the green roof modeling. In addition, this study 
aims to develop general idea on the effectiveness of catchment-scale green 
roof implementation without focusing on the detailed behavior of each 
individual green roof. Therefore, simplifications made at individual green roof 
level would not affect the overall catchment-scale hydrological behaviors.  
4.3.2.2 Bio-retention system 
Bio-retention system is a shallow planted depression, and consists of ponding 
area, filter media, transition layer and drainage layer. It is one of the 
stormwater best management practices that provides both conveyance function 
and stormwater treatment. Stormwater runoff is filtrated through and treated 
by vegetation and soil within the bio-retention area. The filtrated water is 
either collected by a drainage system or allowed to infiltrate into the ground. 
To enhance infiltration into the system, it often employs filter media with a 






higher than that of the surrounding soil profile. In addition, the system allows 
ponding which provides further flow retention. In the integrated hydrological 
model, the bio-retention systems allow stormwater to infiltrate directly into the 
surrounding soil profile (i.e., no subsoil drainage).  The bio-retention systems 
are modelled as homogenous soils with a high hydraulic conductivity of 10
-
5
m/s, extending 1meter below the ground. The systems are also equipped with 
20 cm of detention ponding. All the hydrological processes, e.g., 
evapotranspiration and infiltration, are also considered in the integrated model.   
To implement green structures into the integrated hydrological model at the 
catchment scale (area of 160 km
2
), resolving the catchment down to the scale 
of a single green structure system or even finer is one of the approach. 
However, this requires high computational efforts and detailed input data. 
Therefore, one gird cell (60m by 60 m) is considered as an aggregated system 
of green roof or bio-retention. This method can reduce computational and 
input data requirements, with little penalty on prediction accuracy (Elliott et 
al., 2009).  
4.3.3 Marina-like Catchment – A Case Study in Singapore 
The biophysical and hydrological environment of Singapore has altered 
dramatically due to rapid urbanization and industrialization (Lu et al., 2005). 
Marina catchment (Figure 4.2), the most urbanized part of Singapore, has 
typical characteristics of a highly urbanized catchment in the tropical area.  It 
has a catchment area of 160.8 km
2
, and currently consists of different land 
uses and soil conditions and includes the different components of hydrological 
and vegetation system (e.g., plant, river, reservoirs, mixture of permeable and 
impermeable surfaces). Adopting the main characteristics of Marina 
catchment, an integrated distributed hydrological model of Marina-like 
catchment is built to evaluate the impact of urbanization on water balances and 
regimes. In other words, this objective of this study is not to reproduce the 
exact situations of Marina catchment, but rather to demonstrate the generic 
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influences of urbanization on hydrological conditions. The model is further 
developed and applied to evaluate the effectiveness of catchment-scale green 
structures in mitigating the hydrological impacts of urbanization. 
 
Figure 4.2 Location of Marina Catchment within Singapore 
To address the issues raised in the objective, several simulations are 
performed. Firstly, to evaluate the effect of urbanization in Singapore, a pre-
urbanized scenario in which all the hydrological conditions are at natural state 
is set up.  It is then compared with an urbanized scenario in which all the 
hydrological factors are urbanized. Secondly, to evaluate the effectiveness of 
green structures in minimizing the impact of urbanization, another set of 
scenarios is set up to reflect the different strategies in installing the green 
structures in an urbanized environment. The results are then compared with 
those without the green structures to conclude their effectiveness.  The 
simulation of each scenario is one-year, and is further elaborated below: 
 The first scenario (pre-urbanized) represents the condition before 
urbanization in which the entire land surface is covered by plants and 
the rivers are in natural conditions.  
 The second scenario (urbanized) represents the current situation in 






urbanization and is a combination of permeable, impermeable surfaces 
and buildings; rivers are also concrete-lined.  
 The third scenario represents hypothetical situations in which green 
roofs and/or bio-retention systems are installed at strategic locations to 
mitigate the hydrological impacts of urbanization. This scenario is 
further divided into three different strategies: 
o Strategy 1: Restored by green roofs (Green roof). All the 
buildings in the catchment are covered with green roofs which 
account for 14% of the catchment area.  
o Strategy 2: Restored by bio-retention systems (Bio-
retention). 5% of the catchment area is converted from 
impervious surfaces in the urbanized scenario to bio-retention 
systems in this strategy. The bio-retention systems are located 
near the streams and are in areas where the groundwater table is 
at least 1.5 meters below the ground.  
o Strategy 3: Restored by both green roofs and bio-retentions 
(Hybrid). The hybrid is a combination of green roofs and bio-
retention strategy. 
To focus on the impacts resulting from the change from vegetated to 
impervious surface and the implementation of green structures, other factors 
such as climate, soil and topography are assumed not to change among the 
scenarios. Each scenario is run for one year under the same climate condition. 
The digital-elevation model SRTM (i.e. topography) in 2005 is obtained from 
U.S. Geological Survey with 30 meters resolution (USGS, 2010) and is 
applied to all three scenarios. The surface mesh consists of 290 cells in east-
west direction and 310 cells in north-south direction; each element is 
rectangular with a dimension of 60 by 60 meters. The vertical discretisation is 
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chosen to match with the soil profile description and the required resolution of 
the simulation. In addition, the Richards equation is used to accurately 
simulate the infiltration process in the unsaturated zone. Therefore, 45 
subsurface layers are used with a vertical discretization of 20 cm for the first 1 
m depth, 50 cm for the following 5 m depth, and then 100 cm for the rest of 
the domain. Together with the surface mesh, total domain has 4,055,500 
elements. Each of the main hydrologic components has its own time step. 
River routing is the most dynamic process and is highly responsive to rainfall 
and topographical condition, followed by overland flow, and finally 
unsaturated and groundwater flow. In addition, to simulate the flow exchanges 
between the components, their time steps have to be even multiples of each 
other. For river routing, a time step of 1 minute is used. For overland flow, 
unsaturated and groundwater components, time steps of 0.25 hour, 0.5 hour 
and 12 hours are used respectively. This study examines the rapid response of 
peak outlet discharge (in time scales of minutes), as well as the long-term 
groundwater response (in time scales of days and months).  Thus, the above 
time steps are chosen as compromises. When the time steps taken are finer 
than the data input, the model would then linearly interpolate the data for the 
simulated time step. 
4.3.3.1 Surface and subsurface parameters 
To parameterize the surface and subsurface, the model domain is divided into 
zones based on the land cover, surface properties, soils, and geology. Land 
cover map (Figure 4.3) is digitized from Singapore Master Plan in 2003 
(URA, 2003), and is classified into four groups with vegetation of different 
leaf area indexes (LAI) and roof depths (RD) (Table 4.1). The tree heights in 
Singapore vary from 4 to 20 meters (NPark, 2011).  Based on the study of 
Štofko (2010) on the relationship between tree height and root depth, the 
corresponding average root depth should be approximately about 5 meters. A 
recent survey in Singapore also shows that the root of vegetation can be more 
than 3 meters (Ngo et al., 2013).   
For soil properties, top soil (i.e., soil from surface up to 1 meter depth) 
information is extracted from Singapore soil map (Figure 4.3), digitized from 






1-meter depth, the soil is assumed to be loamy sand. Using the soil 
information from Table 4.2, together with the hydraulic parameters of standard 
soil texture from United State Department of Agriculture, Van Genuchten 
parameters are estimated to define moisture retention and unsaturated 
hydraulic conductivity. 
 
Figure 4.3 Land cover (left) and soil distribution (right) of Marina-like 
catchment 
(Land use: 66% impervious, including 14% building and 5% potential bio-retention area; 9% 
no plants; 25% plants, including 5% bushes, 18% mixed trees and 2% trees) 
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Soil Texture (%) 
K (m/s) Soil Type Depth (cm) 
Soil Texture (%) 
K (m/s) 
Sand Silt Clay Sand Silt Clay 
REMGAM 0 - 8 78 2 20 1.76E-5 TAMPOI 0 - 6 81.2 2.1 16.7 1.94E-5 
 8 - 34 61 1 38 3.97E-6  6 - 13 72.5 1 26.5 3.70E-6 
 34 - 68 57 3 40 4.04E-6  13 - 44 69.6 0 30.4 2.69E-6 
 68 - 160 55 2 43 3.13E-6  44 - 100 61.7 0 38.3 2.69E-6 
JERANGAU 0 - 5 35.7 6.1 58.2 1.42E-6 BEDOK 0 - 10 Clay Loam 9.47E-7 
 15 - 30 38 4 58 1.55E-6  10 -100 Silt Clay 1.11E-6 
 30 - 82 30 4 66 1.25E-6 CHOWBOONLAY 0 - 10 Silt 5.06E-6 
 82+ 28 3 69 1.26E-6 10 - 100 Silt Clay 1.11E-6 
AYERTERJUN 0 - 7 24 47 29 7.11E-6 CHANGI 0 - 100 Sand 7.44E-5 
7 - 24 23 44 33 1.53E-6 HOLYROOD 0 - 100 Loam Sand 1.22E-5 
 24 - 60 13 33 54 1.58E-6 JURONG 0 - 100 Silt Clay 1.11E-6 
 60 - 135 9 29 62 1.78E-6 KRANJI 0 - 100 Silt Clay 1.11E-6 
HARIMAU 0 - 14 77.8 4 18.2 1.68E-5 MATAIKAN 0 - 100 Sand Clay Loam 1.53E-6 
14 - 28 73.5 4.1 22.4 5.74E-6 MASAI 0 - 100 Clay 1.71E-6 
 28 - 35 69.8 3.1 27.1 3.41E-6 TENGAH 0 - 100 Loam Sand 1.22E-5 





Regarding surface properties, detention storage is used to limit the amount of 
water that can flow over the ground surface; the depth of ponded water must 
exceed the detention depth before water is routed overland. For Marina-like 
catchment, detention depth is generally set as 0.01 mm as the catchment is 
mostly covered by impervious surface. The detention depth for reservoirs is 
the maximum reservoir level, while the detention depth is set as 20 cm for 
areas with bio-retention systems based on Singapore’s National Water Agency 
guideline for bio-retention systems design (PUB, 2011). In Mike SHE, there is 
no explicit option to directly specify the partitioning of rainfall into direct 
runoff, infiltration and groundwater recharge as the model simulates the 
infiltration and subsurface water movement according to the different soil 
properties and rainfall conditions. However, one can specify the fraction of 
ponded water that drains to the drainage system. For this case study, 30% of 
the ponded water drains directly to the river network and the remaining 70% 
infiltrates. Surface roughness, defined by Manning number (M) (inverse of the 
conventional Manning’s coefficient n), are 25 and 80 for surface covered with 
plant and open space, respectively. The values are equivalent to the Manning’s 
coefficient of 0.04 and 0.0125, which are typical values for vegetated and 
concreted surface (Chow, 1959). 
For geological properties, hydraulic parameters for the saturated zone are 
assumed to be loamy sand, a typical soil type in Singapore, for the entire 




] and a 
vertical hydraulic conductivity equivalent to 10% of the horizontal hydraulic 
conductivity. Specific yield and specific storage is 0.2 [-] (Freeze et al., 1979) 




 (Younger, 1993), respectively. 
4.3.3.2 Initial condition 
The initial condition of the integrated hydrological model is the combination 
of the initial conditions of different components such as ponding depth, soil 
moisture content and groundwater table. Ponding depth of reservoirs is 
assumed to be at the reservoir water levels, and is set at 0 m in the rest of the 
domain. To obtain an initial groundwater condition, a 10-year simulation is 
carried out. As the groundwater table in Singapore is only a few meters below 
the ground surface (Rezaur et al., 2003), the initial groundwater table for the 
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10-year simulation is set at 1.5m below the ground. The climate condition of 
year 2005 is repeated 10 times for this 10-year simulation.  The groundwater 
table, reaching dynamic equilibrium after 10 years, is then used as the initial 
condition of the remaining simulations. The initial condition sensitivity 
analysis of the results to the initial condition is also carried out. It is shown 
that within a reasonable or range of initial conditions, the results converge to 
the same solutions.  Initial soil moisture is set to achieve equilibrium pressure 
corresponding to the groundwater table from the 10-year simulation.  In 
addition, for each of the 1-year scenario simulation, another 5 years of 
stabilization simulation is carried out to obtain dynamic equilibrium 
conditions of all the hydrological components which are then used as the 
initial conditions for that particular scenario.  
4.3.3.3 Boundary conditions  
For the top boundary, precipitation is the only in-flux and evapotranspiration 
is the only out-flux. Rainfall and potential evapotranspiration are assumed to 
be uniformly distributed in the entire catchment. Hourly rainfall data from 
year 2005 is obtained from the Kent Ridge campus of National University of 
Singapore (NUS), located at the South-Western edge of the catchment. 
Evapotranspiration is calculated from Penman-Monteith method (Eq. (4.1)) 
using hourly weather data (e.g. atmospheric pressure, air temperature, relative 































where  is the latent heat of vaporization (MJ/kg), E is the hourly potential 
evapotranspiration (mm/hour), Δ is the slope of saturation vapour pressure - 
temperature curve (kPa/
0
C), Hnet is the net radiation (MJ/m
2
.hour), G is the 
heat flux density to the ground (MJ/m
2
.hour) which is assumed to be 
negligible in this study, air is the air density (kg/m
3
), cp is the specific heat at 




z is the saturation vapour pressure of air at 








C) is the psychometric constant, rc is the plant resistance (s/m), ra is the 
diffusion resistance (s/m).  
For the boundary conditions on the sides, since the model domain is the entire 
Marina-like catchment, there are no fluxes across the inland boundary. The 
boundary bordering the sea is assumed to have a fixed head of 0 m 
corresponding to the mean sea level. This boundary is independent from tidal 
fluctuation due to the existence of Marina barrage. Reservoirs in the catchment 
are set as internal boundary conditions with head-controlled flux. The 
exchange fluxes depend on the head difference between the groundwater table 




. The bottom 
boundary of the domain is bed rock and thus has no flux. Due to the lack of 
detailed geology data, the bedrock is assumed to be at a constant depth of 30 
meters below the ground. This assumption will not affect the shallow 
groundwater movement in the shallow subsurface environment (i.e., in the top 
few meters) which is the focus of this study. 
4.3.3.4 River routing 
The main river network of the Marina-like catchment is delineated from the 
digital elevation model (DEM) and published documents from Singapore’s 
national water agency (PUB, 2007). Most of the channel cross sections are 
assumed to rectangular, except the main river flow from north to south of the 
catchment (i.e., Kallang River) that has the addition of the trickle channel 
(also known as a dry weather flow channel that is constructed along the centre 
and lowest part of a channel to carry low flows). The channel width is 
estimated based on remote sensing data and the channel elevation is estimated 
from DEM data. Inflow boundary at the upstream is set at a constant discharge 
value of 0 m
3
/s.  At downstream, water level is at a constant elevation of 11 m 
which is approximately the level of the Marina reservoir (the most southern 
and downstream reservoir). Manning numbers (M) are 25 and 80 for earthen 
and concrete river banks, respectively. The fluxes exchanged between 
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groundwater and surface water in the channel is estimated using a leakage 
coefficient of 10
-5
.  For the stabilization of the model, initial water depth and 
discharge are at 0.1 m and 0 m
3
/s, respectively.   
4.4 Results 
4.4.1 Impacts on overall water balance 
To determine the impacts on water balance, the different hydrological 
components and their temporal variations at observation point (indicated in  
Figure 4.2) are examined (Figure 4.4). The selected location is near the main 
river and in the midstream of the catchment where is highly urbanized. The 
results, extracted from the bio-retention scenario, indicate that the hydrologic 
processes are temporally dynamic due to the changes in rainfall. For example, 
in the beginning of January, during the event with a rainfall intensity of 
3.5mm/hr, the infiltration rate is slightly less than 3.5mm/hr. The top soil is 
saturated, producing a downward flux from the unsaturated to the saturated 
zone at the rate of 2mm/hr. Due to the series of rainfall events, groundwater 
table rises by 0.2m. During the relatively dry period of mid-January to mid-
February, there are no downward fluxes from the unsaturated to the saturated 
zone. As the top soil dries out gradually, the moisture in the unsaturated zone 
is not enough to support the evaporation process, water is therefore taken from 







Figure 4.4 Water balance at observation point (indicated in Figure 4.2) in 
catchment equipped with bio-retention systems 
(Esoil: Evaporation from soil; Esurfacewater: Evaporation from surface water (underneath 
the dotted blue line); Exchange UZ and SZ: Exchange between unsaturated and saturated 
zone; GW depth: groundwater table depth) 
The only influx to the catchment is rainfall, and it either turns into outfluxes 
(e.g., base flow, direct runoff flow and evapotranspiration) or increases the 
storage within the system (e.g., canopy storage, surface water storage and 
subsurface water storage). Figure 4.5 presents the distribution of rainfall into 
the different components aggregated over one year for the different scenarios. 
Canopy storage is not shown in the figure as it is negligible compared to other 
components. The surface and subsurface storage changes in all the scenarios 
are also insignificant (less than 0.5% of total water balance). This is because 
these storage changes in the model are changes of storage from one year to the 
next.   As the simulations are repeated for 5 years with the same climatic 
input, the model should reach a dynamic steady state (dynamic equilibrium 
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condition) and the storage changes in the reporting year, which is the last year 
of the simulation run, should be minimal.  
 
Figure 4.5 Water balance aggregated over one year for different scenarios 
For all scenarios, the greatest contributing factor is evapotranspiration. 
Compared to the other scenarios, there is a higher fraction (10% more) of 
evapotranspiration in the pre-urbanized scenario since the entire land surface 
is covered by trees. There is a drastic increase (by 20%) in the direct runoff in 
the urbanized scenario due to the change of 66% land use from pervious to 
impervious surfaces. Corresponding to a large amount of direct runoff in the 
urbanized scenario, base flow depth is reduced by almost 66% in the 
urbanized scenario when compared to the pre-urbanized one. The base flow 
depth is also not increased by green roofs, and it only increases marginally 
with the implementation of bio-retention systems in either the bio-retention or 
hybrid scenarios due to the enhancing infiltration function of bio-retention 
systems.   
4.4.2 Impacts on eminent water resources issues 
4.4.2.1 Flash floods 
To study the impact of urbanization and the strategies in averting flash floods, 















 July and 
26
th
 December), peak outlet discharge increases by more than 100%. For 
rainfall events with high intensity (26
th
 July and 8
th
 December), the percentage 
increase is smaller (about 60%). However, the magnitudes of peak discharge 
for small- and average-intensity rainfall are small. Thus, the high percentage 
increase in fact does not have significant impact on the catchment. On the 
other hand, although the percentage increase of high-intensity rainfall is 
smaller, it has significant impact as the magnitude of peak discharge is 
relatively high. The highest peak outlet discharge in the urbanized scenario is 
550m
3
/s, leading to potential flash floods in the low lying areas.  
Besides assessing the impact of urbanization, the effectiveness of each 
strategy in reducing the flood risk is also examined. Overall, all the restoration 
strategies reduce the peak discharge. In average-intensity rainfall events, the 
green roof scenario or the bio-retention scenario reduces the peak discharge by 
25%. The hybrid scenario can fully reduce the peak flow to the pre-urbanized 
level. For example, the rainfall event on 19
th
 July produces a peak outlet 
discharge of 60m
3
/s in the pre-urbanized scenario; this amount increases to 
125m
3
/s in the urbanized scenario. The installation of either green roofs or 
bio-retention systems brings the peak discharge from 125m
3
/s down to 90m
3
/s. 
For the case in which both green roofs and bio-retention systems are installed, 
the peak discharge is the same as in the pre-urbanized scenario. In the case of 
high-intensity rainfall, focusing on the highest rainfall event in the simulation 
year on 8
th
 December, a rainfall depth of 136mm in 5 hours results in an outlet 
peak discharge of 550m
3
/s under urbanized conditions. Installation of either 
green roofs or bio-retention systems decreases the peak discharge to 450m
3
/s, 
and the installation of both structures decreases the peak discharge to 330m
3
/s 
which is even lower than the peak discharge of 350m
3
/s in the pre-urbanized 
scenario. This is due to the combined effect of green structures: the delay of 
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rainfall by green roofs and the enhancement of infiltration by bio-retention 
systems. To conclude, the large-scale restoration strategy restores the pre-
urbanized condition effectively in terms of outlet discharge, reducing the 
potential flooding problems. 
 
Figure 4.6 Peak discharges at catchment outlet under different scenarios 
Other than examining the magnitude of peak discharges, Figure 4.7 compares 
the peak time to evaluate peak delays in each restoration scenario. Taking the 
rainfall event on 26
th
 July as an example, the downstream peak outlet 
discharge in the urbanized and the bio-retention scenarios occur at the same 
time.  However, there are two peaks in the green roof and hybrid scenarios, 
with the first peak occurring slightly later in the urbanized scenario and the 
second peak delayed for another 2 hours. This is due to the existence of green 
roofs which delay discharge for about 3 hours in both scenarios. The 
hydrograph on 25
th
 July also gives similar results except that the time of delay 






only occur in simulations and may be indistinct during field observations, the 
results do illustrate the peak attenuation due to green roofs.  
Besides comparing the peak time downstream, one can also examine the 
change of delay along the channel from upstream to midstream and 
subsequently downstream. Focusing on only the hybrid scenario, the relative 
heights of the two peaks vary between upstream, midstream and downstream 
due to the merging of secondary rivers which are at different locations from 
green structures. Furthermore, there is a slight increase in the delay of the peak 
from upstream to downstream due to the propagation of wave along the river. 
Overall, examining the peak timing and its propagation through the river 
network demonstrates the importance of a catchment-level planning of green 
structures (in terms of locations as well as the percentage of surface coverage) 
in mitigating floods.   
 
Figure 4.7 Delay of peak discharges for different sections (i.e., downstream, 
midstream and upstream) of the main river of catchment 
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4.4.2.2 Ground water replenishment      
The main source of groundwater replenishment in this catchment is from 
surface water infiltrating into the ground. Urbanization not only increases the 
peak river discharge but also decreases the infiltration rate, preventing surface 
water from going into the ground and recharging subsurface storage. As 
mentioned in the water balance section, green roofs do not significantly 
change the water budget or enhance infiltration rate. This section therefore 
focuses on comparing the infiltration rates in the urbanized, pre-urbanized and 
bio-retention scenarios to evaluate the effectiveness of bio-retention systems 
in enhancing infiltration. For plot scale, the infiltration rates at one particular 
location where land use has changed from pervious, to impervious and then to 
bio-retention system is compared (Figure 4.8). The infiltration rate is highest 
in the bio-retention scenario and is equal to the rainfall rate. As a result, there 
can be local groundwater mounds in which the groundwater table is about 1 to 
2 meters higher than the surrounding environment. However, this should not 
affect the main underground infrastructure in Singapore (e.g., the underground 
transport system which is approximately 30 meters below the ground). Other 
infrastructures (e.g. pipes) within the shallow subsurface environment are also 
often below the groundwater table and are designed for submerged condition. 
The impervious concrete surfaces in an urbanized catchment such as 
buildings, roads and pavements prevent infiltration. The infiltration rate of the 
entire catchment in 2005 is reduced by 20% in the urbanized scenario as 
compared to the pre-urbanized scenario, while the bio-retention scenario 
restores 10%. The actual infiltration rate under different scenarios (Figure 4.9) 
varies temporally depending on the rainfall intensity as well as the time 
interval between two consecutive rainfall events. There are significantly less 
infiltration in the urbanized scenario during high intensity rainfall events such 






 November. The decrease can be as high as 





 May or from 31
st
 October to 5
th
 November. Bio-
retention systems restore 20 to 30% and 5 to 10% of the pre-urbanized 
infiltration during high and average rainfall events respectively. For all the 




 May and 15
th
 November), the infiltration 






scenario. Most of the small rainfall events occur closely in time. In the pre-
urbanized condition, the soil is fully saturated after several events.  Water can 
no longer infiltrate and contributes to surface runoff. However, more water 
can infiltrate in the bio-retention systems because the detention ponding 
provides additional time for water to infiltrate into the ground. 
 
Figure 4.8 Infiltration rate at observation point (indicated in Figure 4.2) in 
catchment 
 




4.4.3 Model sensitivity analysis 
4.4.3.1 Rainfall resolution and simulation time step 
To examine the influence of rainfall resolution and simulation time step on 
peak outlet discharge, two additional simulations are carried out: (1) Original 
rainfall data interval (1 hour) but coarser simulation time steps (5 min for river 
routing, 0.5 hours for overland flow, 1 hour for unsaturated flow, and 12 hours 
on groundwater flow); (2) Rainfall data of smaller interval (5 min) with the 
original simulation steps.   
The “representative” peak outlet discharges (i.e., highest peak, medium peak 
and small peak) of the above two simulations are extracted and compared with 
those from the original simulation.   The results show that the increase in 
simulation step sizes does not affect the time and the magnitude of the peak 
discharges.   The more detailed rainfall input increases the peak discharges at 
most by 20 m
3
/s, and changes the time of occurrence by at most 1 hour. 
4.4.3.2 Soil hydraulic conductivity of bio-retention system 
 Two simulations using bio-retention systems with soil hydraulic conductivity 
of 5 x 10
-5
 m/s (180 mm/hr) and 10
-4
 m/s (360 mm/hr) which are higher than 
the original value of 10
-5
 m/s (36 mm/hr) are carried out. In terms of outlet 
discharge, the results show that the difference among the scenarios is 
insignificant. In terms of infiltration rate and groundwater recharge, results 
from a bio-retention system at the centre of the catchment are extracted.  
Particularly, the groundwater table, infiltration rate and groundwater recharge 
across the system 12 hours after the largest rainfall event in the simulated year 
are further explained as an example. This event has a rainfall depth of 130 mm 
and an intensity of 26 mm/hr. The infiltration rates of the different scenarios 
are the same, as the rainfall intensity is lower than the soil hydraulic 
conductivities of the bio-retention systems. There is more recharge to the 
saturated zone at that particular moment leading to a higher groundwater table 
in the scenario with higher soil hydraulic conductivity. However, the total 
recharges of all scenarios reach the same values eventually. The temporal 






duration to travel through the unsaturated zone to reach the saturated zone 
depending on the soil hydraulic conductivity of the bio-retention system.   
4.4.3.3 Soil hydraulic conductivity of native soil 
To assess the influence of soil hydraulic conductivity on rainfall partitioning 
to recharge and runoff, different scenarios with a soil hydraulic conductivity 
that is one order of magnitude lower are simulated.  
For the aggregated water balance over one year, the rainfall partitioning still 
follows the same patterns as the original simulation. For example, when 
compared with the pre-urbanized scenario, there is still close to a 10% 
increase of direct runoff and 10% decrease in evapotranspiration in the 
urbanized and hybrid scenarios.  There is also more baseflow in the hybrid 
scenario when compared to the urbanized one due to the green structures.   
In terms of peak outlet discharge, the low hydraulic conductivity leads to an 
increase of peak discharge by 50 m
3
/s in the pre-urbanized scenario. Similarly, 
the decrease in hydraulic conductivity also results in a higher peak discharge 
in the hybrid scenario. However, the amount of increase, 100 m
3
/s, is higher 
than pre-urbanized one. This is because the low hydraulic conductivity of the 
native soil not only reduces rainfall infiltration but also limit the exfiltration of 
the bio-retention system.  The change in hydraulic conductivity however does 
not significantly affect the peaks in the urbanized scenario due to the low 
percentage of pervious area. Although the absolute values of peak discharges 
change with the hydraulic conductivity, the relative differences among the 
scenarios are still the same. In other words, there is still a drastic increase of 





The following key points underpin the analysis of the hydrological 
characteristics of the different scenarios. Firstly, evapotranspiration accounts 
for a relatively high percentage of water budgets in all scenarios.  It therefore 
should not be neglected; otherwise this might lead to over-estimations of the 
other components. Secondly, groundwater plays an important role and should 
be taken into consideration, especially when the hydrological changes in 
shallow groundwater systems are examined. The exchange between 
groundwater and surface water depends on the difference in groundwater level 
and surface water level, as well as the soil moisture content in the unsaturated 
zone. In shallow groundwater systems, it is even possible to have groundwater 
exfiltration during heavy rainfall in low-lying areas. Thirdly, different designs 
of green structures (e.g., green roofs versus bio-retention systems) provide 
different hydrological functions and their relative locations within the 
catchment also yield different outcomes at the catchment outlet.  Therefore, it 
is possible to integrate different green structures at optimized locations to 
achieve specific targets such as reducing flash floods, enhancing groundwater 
replenishment, or restoring the pre-urbanized hydrograph at the catchment 
outlet.  Last but not least, the sensitivity analysis on rainfall data resolution, 
simulation time step, soil hydraulic conductivities of bio-retention system and 
native soils leads to certain changes in the modelling results.  However, the 
changes are not significant enough to affect the main conclusions of this study.    
4.6 Summary and conclusions 
This study assesses the overall hydrological impacts of urbanization and the 
effectiveness of catchment-scale green structures in restoring pre-urbanized 
hydrological conditions. A physical-based integrated distributed hydrological 
model, Mike SHE, is used to simulate a highly urbanized catchment in the 
tropics under three main scenarios (i.e., pre-urbanized, urbanized and restored) 







1. In terms of the hydrological impacts of transforming 66% of 
vegetated area into impervious surface and changing the vegetation 
type in the remaining area during urbanization, it is observed that: 
 Infiltration on average reduces by 20% which is proportional to the 
increase of impervious surface. There is thus less subsurface water 
recharge and less subsurface water storage. The actual reduction in 
each rainfall event varies with rainfall intensity and time interval from 
the previous rainfall event.  
 Base flow decreases by 66% and surface runoff increases by 20%, 
leading to a higher potential of flash floods. The peak outlet discharge 
increases by 100% during low- and average-intensity rainfall and by 
60% in high-intensity rainfall. Although the percentage increase is 
lower, the increase of discharge during high-intensity rainfall is more 
impactful due to the relatively high pre-urbanized value. 
2. To mitigate the hydrological impacts of urbanization, three 
catchment-scale green structure strategies are explored:  
 The first strategy is to install green roofs in all the buildings, 
accounting for 14% of the catchment area. The green roofs retain 
rainfall for 3 hours, but exert minimal changes in water balance 
or infiltration.  They however reduce the peak outlet discharge by 
30 to 50%, and delay the peak by 2 hours and thus can mitigate 
flash floods in urban areas.  
 The second strategy is to set up bio-retention systems in 5% of 
the catchment area. Bio-retention systems are modelled as 1-
meter deep soils with relatively high hydraulic conductivity of 
10
-5
m/s. On average, infiltration for the catchment increases by 
10%.  The actual increase in each event depends on the rainfall 
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condition and can be as high as 30% during rainfall with high 
intensity.  Base flow increases and surface runoff decreases and 
this second strategy can therefore also mitigate flash floods. 
 The third strategy is to implement a combination of the previous 
two strategies (i.e., installing 14% green roofs and 5% bio-
retention). It provides the functions of both types of structures 
(e.g., improving water balance, enhancing infiltration rate, 
delaying peak outlet discharge), and manages to reduce the peak 
outlet discharge down to, and even lower than the pre-urbanized 
value in some cases. 
3. Assessing the hydrologic restoration of an urbanized area via the 
case study, further conclusions can be made: 
 Evapotranspiration is one of the important processes and should 
not be neglected as it accounts for a relatively high percentage of 
the water budget.  
 Groundwater plays an important role, especially in shallow 
groundwater systems, as it has direct dynamic effects on the 
infiltration rate and the water exchange between groundwater 
and surface water.   
 It is feasible to re-shape the outlet hydrograph via large-scale 
hydrological controls throughout a catchment but it is important 
to perform a catchment-scale planning for the desired integrated 
spatial and temporal effects. 
The simulation results obtained are independent of field data, enabling a 
generic model for understanding hydrological changes during the different 
phases of urbanization. The results and conclusions drawn are thus beneficial 
and applicable to catchment-level water resource planning and management in 







This chapter investigates the hydrological responses to urbanization using an 
integrated distributed hydrological model based on conditions of Marina 
catchment. Green structures (i.e. green roofs and bio-retention systems) are 
implemented to mitigate hydrological impacts of urbanization. Through 
understanding the hydrological changes during different phases of 
urbanization, this study is beneficial to catchment level planning of green 
structures. However, the mitigation of the impacts greatly depends on the 
locations of green structures. Therefore, the optimization technique will be 
introduced in the next chapter to have the optimal bio-retention systems 





CHAPTER 5. OPTIMIZING BIO-RETENTION LOCATIONS FOR 
STORMWATER MANAGEMENT USING GENETIC 
ALGORITHM 
5.1 Abstract 
To minimize the change of hydrological regime due to urbanization, 
stormwater best management practices have been enforced in the past few 
years. One approach is to implement small-scale hydrologic controls, such as 
bio-retention systems, throughout a catchment. Optimization techniques have 
also been applied to determine their locations for the most hydrological 
benefits. However, optimization tools are commonly built in together with 
specific hydrological models. Thus, the choices and components of 
hydrological models are usually restricted. Furthermore, it is redundant to 
build another hydrological model that has a built-in optimization tool if a 
hydrological model, and possibly more comprehensive one, has already been 
established for the study area. The objective of this study is first to develop a 
genetic algorithm (GA) with a suitable encoding, crossover and mutation 
technique for spatial hydrological optimization. The GA developed is 
independent from and can therefore be coupled with any existing integrated 
distributed hydrological model to optimize the locations of bio-retention 
systems. The GA results are then generalized to generate better understanding 
of the influences of bio-retention location on stormwater management. With 
the consideration of factors such as topography, distance from the river and 
groundwater table depth, it suggests the alternative combinations of bio-
retention locations which are used as inputs of an integrated distributed 
hydrological model. The combination that gives the lowest outlet discharge is 
then regarded as the best solution. The approach was demonstrated by taking 
Marina Catchment in Singapore as a case study. Results show that 
implementation of bio-retention systems reduces peak outlet discharge up to 
17%, depending on their location. It also delays the peak time and enhances 
groundwater recharge. However, the peak delay time and overall catchment 
recharge rate is independent with bio-retention location. Overall, the 






commercial software whose source code is not open source. Thus, it is not 
only transferable to other study areas but also can be coupled with any 
hydrological model that is the most suitable for that particular case study. 
From the understanding of bio-retention distribution characteristics generated 
from this study, it is also possible to have a preliminary recommendation on 
the suitable bio-retention locations in any areas without the optimization 
model. 
5.2 Introduction 
Following the idea of stormwater best management practices (BMPs), bio-
retention systems have been applied to minimize the change of hydrological 
regime due to urbanization. However, the effectiveness of bio-retention 
systems depends on their locations in the catchment. The locations that 
maximize the stormwater retention and detention contribute the most benefit 
to the hydrological condition of the catchment.  
Optimization technique has been applied to determine the locations with the 
most hydrological benefit. One of the optimization techniques is genetic 
algorithm (GA). Further detail about GA is presented in Appendix C. During 
the last two decades, there has been a dramatic increase in the development 
and application of GA in water resources planning and management (Nicklow 
et al. 2009). It is proven to be a flexible and powerful tool for solving an array 
of complex water resources problems, e.g., stormwater management: optimal 
number and location of infiltration-based BMPs for peak flow reduction 
(Perez-Pedini et al. 2005), qualitative and quantitative control of urban runoff 
(Zare et al. 2012), optimal type, size, and location of BMPs for sediment and 
nutrients reduction (Kaini et al. 2012), wetland restoration siting and zoning 
for flood retention purposes (Zhang and Song 2014); water distribution and 
water supply: reservoir operation (van Rooyen and van Vuuren 2004), location 
of control valve in pipe network (Reis et al. 1997); water treatment: optimal 
102 
 
stormwater pond system cost for various water quality goals (Zhen et al. 
2004), water quality monitoring network design (Park et al. 2006), location of 
pumping wells for aquifer remediation (Vemuri and Cedeino 1995). 
To implement optimization techniques in water resources and to identify the 
better solution, a fitness function (i.e., objective function to evaluate how close 
a given solution is to the set goal) has been used. For those with fitness value 
achieved from mathematical functions, the fitness value is calculated directly 
from an optimization model (Park et al. 2006, Molinos-Senante et al. 2014). 
For others, an additional model is required to compute the fitness value.  In 
this case, the optimization part is built in as a tool in the hydrological model. 
Stormwater Investment Strategy Evaluation (StormWISE) model is one 
example. The model is able to select the most cost-effective sites to implement 
BMPs via multi-objective optimization formula to maximize water quality 
benefits. According to McGarity (2011), the model is formulated as a 
nonlinear constrained optimization problem with a vector objective function, 
with each element of the vector representing a different water quality 
enhancement goal. The results are expressed in Pareto-optimal solution. 
However, the spatial distribution is ignored, with lumped parameters used for 
model analysis. Kaini et al. (2012) presents an optimization technique, GA, 
which is coupled with a semi-distributed model, Soil Water Assessment Tool 
(SWAT) to locate BMPs that meet the treatment goals on a watershed scale. 
The decision variables in the optimization model are type, size, and location of 
BMPs.  The goals are to minimize the construction cost and to reduce the 
sediment and nutrients at watershed outlet. Kaini’s study formulates a single 
objective optimal control model which can optimize the cost of BMPs 
corresponding to different levels of annual sediment load and nutrients load 
control at the watershed outlet. Furthermore, Zare et al. (2012) employs multi-
objective optimization using evolutionary algorithms for qualitative and 
quantitative control of urban runoff. In the study, the optimization model for 
urban water management uses Non-dominated Sorting GA (NSGA-II) and 
particle swarm optimization algorithm for multiple-objective problems 
(MOPSO) coupled with Storm Water Management Model (SWMM) for 






demonstrates a watershed-scale design optimization model for stormwater best 
management practices (SUSTAIN) that runs within ArcGIS environment. The 
components of the model are framework manager, BMP siting tool, watershed 
module, BMP module, cost module, optimization module, and post-processer. 
The watershed module is spatially distributed and adapted from Hydrological 
Simulation Program-Fortran (HSPF). However, several hydrological 
components (e.g. groundwater) are simplified and is thus not suitable in study 
areas with shallow groundwater table and active exchange of groundwater and 
surface water.  
Those models above are very specific to the nature of the problem and the 
hydrological conditions of the site. In addition, models with built-in GA or are 
coupled with GA require high computational power. Thus, the hydrological 
models are often simplified to lump models or semi-distributed ones without 
considering groundwater component. The objective of this study is to develop 
a GA that is independent from and can therefore be coupled with any existing 
integrated distributed hydrological model to optimize the locations of bio-
retention systems to minimize outlet peak discharge and enhance groundwater 
recharge. In the GA model, the Chromosome Design, Encoding, Crossover 
and Mutation technique are specially formulated for spatial hydrological 
optimization purposes. The GA results are then generalized to develop better 
understanding of the influences of bio-retention location on surface and 
subsurface water, and on stormwater management. 
5.3 Methodology 
This section will first discuss about the fundamental criteria in selecting bio-
retention location. These criteria will be used as constraints in the optimization 
model. Optimization model is then discussed. It is a combination of integrated 
distributed model and GA. The integrated model setting, GA operators, as well 
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as how model and GA are coupled is also explained in depth in the following 
section. 
5.3.1 Fundamental criteria in implementing bio-retention 
system 
For initial planning purposes, several criteria are defined to implement the bio-
retention systems in the catchment effectively.  
Area of bio-retention system in the catchment:  The percentage area of 
bio-retention is one of the most important criteria in implementing bio-
retention system. While small bio-retention areas do not bring significant 
influence on hydrologic condition, a large area is also challenging due to 
limited space in urban area and cost-benefit requirement.  The area of bio-
retention systems is typically 5-8% of the catchment area (Austin 2014). 
However, the size of each bio-retention varies upon specific conditions of 
water management goal. In addition, according to Singapore’s national water 
agency guideline for bio-retention system design (PUB 2011), it is possible to 
significantly remove sediment and nutrient with 5% of bio-retention area.  
Therefore, for this study, the total area of bio-retention systems accounts for 
5% of catchment area. Possible locations are urban area where surface area is 
not occupied by buildings. 
Groundwater level:  Another criterion for bio-retention location is 
groundwater depth. One potential limitation of bio-retention is exfiltration. 
During continuous heavy rainfall events, excessive amount of rainfall 
infiltrates into the ground. At the bio-retention system, if the groundwater is 
near the ground, groundwater table might rise up to ground level or above 
ground level. According to bio-retention design guideline, the bottom of bio-
retention system should be 2 to 3 feet above groundwater table (WVDEP 
2006, MPCA 2014). The Marina catchment located in Singapore is one such 
location where groundwater table is relatively shallow (Rezaur et al. 2003).  
As a result, for our case study, groundwater is set to be at least 0.5 meter 
below the bottom of the 1-meter depth system. 
Proximity to river/ depression point : Last criterion is considered in 






As the movement of water on the ground surface is driven by gravity, moving 
from the high point to lower point, part of the surface water will concentrate in 
the local depression points. At that location, water has more time to infiltrate 
into the ground if possible or evaporate gradually. The remaining water will 
flow to river and reach the catchment outlet eventually. Thus, the bio-retention 
systems should be located at local depression points or near to the river to 
collect the most surface runoff. 
5.3.2 Optimization model 
The optimization of this model has two parts: integrated distributed 
hydrological model, Mike SHE, and the GA in Visual Basic. These two parts 
connect with each other by online coupling. Figure 5.1 is the flow chart of the 
optimization model. In the beginning, the GA randomly generates one possible 
arrangement of bio-retention location in the catchment. This arrangement is 
converted in Mike SHE format for soil properties and detention properties. 
Only these two input files of Mike SHE are changed as bio-retention systems 
only affects the soil condition and detention condition of the catchment. These 
input files are fed in Mike SHE for one event simulation. At the end of the 
simulation, outlet peak discharge and total groundwater recharge are extracted 
as the fitness function for the GA to create a new arrangement of bio-retention 
location via GA operators such as Encoding and Decoding, Reproduction, 





Figure 5.1 Flow chart of optimization model 
5.3.2.1 Fully distributed hydrological model, Mike SHE 
The integrated distributed hydrological model, MIKESHE, is reproduced from 
Trinh and Chui (2013)’s model. An integrated distributed hydrological model 
is developed for Marina-like catchment as case study.  
The Marina catchment (Figure 5.2), the most urbanized part of Singapore with 
an area of 160.8km
2
, is used to evaluate the effectiveness of bio-retention 
system on mitigating urbanization impact. The model adopts main 
characteristics of Marina catchment such as topography, soil and land use 
properties, weather characteristics, etc.  For calibration, the calculated water 
level near the outlet of the catchment is compared to the actual measurement 
in April 2014 provided by Singapore’s national water agency. Although the 
model has event calibration, it does not try to reproduce the exact hydrological 
condition of the catchment, but rather to demonstrate the generic influences of 
urbanization on hydrological conditions and the bio-retention system on 
mitigating the hydrological impacts. Two scenarios are simulated to evaluate 
the effectiveness of bio-retention systems and the difference between 






 Urbanized scenario  in which hydrological conditions are affected 
by urbanization through land use, soil properties as well as river 
network.   
 Restored scenario  in which bio-retention systems are implemented 
to mitigate the hydrological impacts of urbanization. The bio-retention 
accounts for 5% of the total catchment area. The bio-retention systems 
are modelled as soils with a higher hydraulic conductivity of 10
-5
m/s, 
extending 1 meter below the ground. The systems are also equipped 
with 20 cm of detention ponding. 
To reduce the computational time, each scenario is run for one event of 2 days 
(from 7 – 9/12/2005) in which the rainfall event has the highest rainfall depth 
in the last 10 years (60mm/h in 8/12/2005). This event is equivalent to 10 
years ARI and therefore is suitable for this simulation as high rainfall brings 
stronger impact on hydrological system. The climate condition is the same for 
both scenarios which uses data from National University of Singapore (NUS), 
Kent Ridge Campus in 2005, and a digital-elevation model SRTM (i.e. 
topography) in 2005 from U.S. Geological Survey with 30 meters resolution 
(USGS, 2010).  Soil information (Figure 5.3) is extracted from the Soil of the 
Republic of Singapore (Wells, 1977) and (Ives (1977), and the river network is 
delineated from the digital elevation model (DEM) and published documents 
from Singapore’s national water agency (PUB, 2007).  The bio-retention 
location is optimized in order to first minimize catchment peak outlet 




Figure 5.2 Characteristics of Marina Catchment, Singapore (Trinh and Chui 
2013).  Map of Singapore in the top right corner. 
 
Figure 5.3 Land cover (left) and soil distribution (right) of Marina Catchment 
(Trinh and Chui 2013) 
(Land use: 66% impervious, including 14% building and 5% potential bio-retention area; 9% 
no plants; 25% plants, including 5% bushes, 18% mixed trees and 2% trees) 
5.3.2.2 Genetic algorithm 
In GA, the locations of the bio-retentions are encoded in a chromosome of an 






randomly generated. P0 is then considered as Pparent to produce new bio-
retention arrangement called Pchild via Binary Tournament Selection, 
Crossover and Mutation. The Pchild is decoded and used as hydrological input. 
Pparent and Pchild are combined and sorted according to ascending fitness. The 
best 30 solutions of the combined population are kept. In the next generation, 
the shortlisted solutions become the new Pparent. This process is repeated until 
the number of generation reach Ngen of 30.  
Chromosome Design:  The chromosome design is adapted from Yeoh and 
Chua (2012). It is problem dependent and is an important part of the 
algorithm. Figure 5.4 presents the chromosome structure for this study. The 
chromosome design is divided into 3 parts:  
(1) Main genes are randomly generated. Each gene represents one 
simulation grid cell in which bio-retention is to be located. As bio-
retention structures in this study occupy 5% of total catchment area, 
number of genes n is 2235 cells. Each gene has a random number 
representing its mutation probability. 
(2) Self-adaptive crossover probability gene is also encoded as a real-
value. A mutation rate is also available for this gene.  
(3) Mutation probability gene is also a randomly generated real-value 
gene. It also has a self-adaptive mutation rate pm assigned.  
Chromosome Encoding/Decoding:  The hydrological model is discretized 
into cells. By considering all the criteria, only valid and feasible cells in the 
model are uniquely numbered. Each cell is assigned a unique real valued 
range. If the encoding in the gene falls within this range, the cell location 
indicated by the cell number is chosen as the location of bio-retention system. 
The advantage of this decoding scheme prevents infeasible cells from being 




Figure 5.4 Chromosome structure proposed in this study 
 
Figure 5.5 Chromosome decoding 
Binary Tournament Selection:  A binary tournament selection is used to 
randomly choose two individuals from the population to compare against each 
other. The better one will appear in the subsequent population. This elitist 
mechanism ensures that the better solutions are kept. This process is repeated 
until the new population size is filled. 
Crossover Operator: A point crossover operator is used with a self-adaptive 
crossover probability. Crossover operations randomly exchange part of the 
chromosome with the possibility that “good” solutions may lead to “better” 






and combines them into two new candidate solutions for the next generation. 
The new individual with the first half taken from the “Parent 2” and second 
half from the “Parent 1” is named as “Offspring 1”.  The new individual in 
which the first half from the “Parent 1” and second half from the “Parent 2” is 
called as “Offspring 2”.  If the crossover probability of the father is greater 
than mother’s, then a son is generated. If the crossover probability of the 
mother is greater than father’s, then a daughter is generated. The crossover is 
done by choosing one point at random along the chromosome and exchange 
part of them to each other (Figure 5.6).  
Mutation Operator: Self-adaptive crossover probability refers to the 
Probability of Crossover using a self adaptive scheme. By self-adaptive, we 
refer to using the GA to adapt the Crossover Probability within its own 
chromosome design. The use of the self adaptive scheme for this problem is: 
First, to exploit the structure of the problem to derive the crossover 
probability; and Second, to avoid the issue of having to provide fixed/known 
crossover probabilities which are known to be problem specific and sensitive 
parameters in a genetic algorithm. A self-adaptive mutation operator was 
chosen because it is not easy to set the probability of mutation as a control 
parameter for the GA, and its choice is an important factor in the success of 
the GA (Serpell and Smith 2010). Furthermore, self-adaptation also give good 
results for a dynamic combination of adaptation for both crossover and 




Figure 5.6 Illustrations of Crossover and Mutation Operator 
5.4 Results and discussion 
5.4.1 Integrated distributed hydrological model calibration 
Event calibration and validation is carried out at a point near the catchment 
outlet, Jlm Taman station which is shown as “measurement point” in Figure 
5.2. The event on 29
th
 April 2014 is selected for calibration because it has the 
highest intensity during the recording period.  The value is 9mm/5mins which 
is higher than the highest intensity of 3 month ARIs of 6.6mm/5mins. The 
calibrated model is further validated with the storm event of 14
th
 April 2014 
which has an intensity of 6.35mm/5mins which is similar to that of 3 months 
ARI. 
Results show that, river boundary condition is the most influential to water 
level at the measurement point. In Marina Catchment, Kallang River is 
connected to Lower Peirce Reservoir (Figure 5.2). This reservoir is set as 
internal boundary conditions with head-controlled flux and the control head of 
31meter.  Therefore, a small amount of inflow is set as the upstream boundary 








/s at upstream of Kallang provides the best matching between 
the measured and simulated hydrographs as shown in Figure 5.7, especially at 
the rising limb of the water level hydrograph. However, the actual peak of 
water level is higher than the simulated result by 3cm and occurs slightly 
earlier. Similarly, the actual peak of water level is higher than the calculated 
result by 20cm in the validation results. This might first due to the spatial 
variation of actual bed roughness which is simplified as a constant value along 
the Kallang River in the model. The model might therefore over estimate 
roughness at several sections of the river leading to the delaying at the outlet 
discharge. Secondly, although the precipitation of Marina catchment is 
assumed to be homogenous in the model, there might be an actual difference 
in the precipitation magnitude and timing. Nevertheless, despite these 
simplifications, the correlation R and the Nash–Sutcliffe coefficient R2 are still 
reasonable (R is 0.94 and 0.88 while R
2
 is 0.86 and 0.60, respectively for 
calibration and validation). Furthermore, as mentioned earlier, the model is 
intended to only demonstrate the generic influences of urbanization and bio-
retention systems on hydrological conditions. Therefore, the calibration and 





Figure 5.7 Hydrological model calibration and validation 
(R: Correlation; R
2
: Nash–Sutcliffe model efficiency coefficient) 
5.4.2 Optimization model performance 
In order to evaluate the performance of optimization model, the fitness values 
(i.e., the peak outlet discharges) of all the populations in each generation are 
presented in Figure 5.8. In the first few generations, the outlet peak discharges 
are scattered with a range of 10m
3
/s. The fitness values gradually converge 
and the range reduces to 5m
3
/s after 15 generations. At the 15
th
 generation, 
there is also the sudden drop in in peak discharge by 2m
3
/s. The lower bound 
of the population, which indicates the “best” value in each generation, remains 
the same over the next 15 generations forming the horizontal straight line in 
Figure 5.8. These suggest that the best value in 30
th






the optimized arrangement and the optimized algorithm is working properly. It 




Figure 5.8 Outlet peak discharges for all populations over generations 
5.4.3 Influences of bio-retention location on outlet peak 
discharge 
5.4.3.1 Effectiveness of bio-retention optimization 
Figure 5.9 shows the effectiveness of implementing the bio-retention systems 
as well as optimizing bio-retention locations. Three scenarios are presented: 
(1) Urbanized scenario which describes the current condition of the catchment; 
(2) Bio-retention scenario in which the bio-retention locations are randomly 
generated within the fundamental criteria and cover 5% of total catchment 
area; and (3) Best arrangement scenario which is the “best” result of the 
optimized model. From the results, the shape of hydrograph is almost the same 
in all scenarios. Under the rainfall of 60mm/hour, random arrangement of bio-







/s (13%). The best arrangement of bio-retention systems 
reduces the peak discharge by 85m
3
/s (17%) when compared to the urbanized 
one, and 21m
3
/s (33%) when compared to the random arrangement one. This 
shows that the optimization model improves the hydrological performance of 
the bio-retention systems. 
Apart from magnitude reduction, the implementation of bio-retention systems 
also delays peak discharge. For the simulated event, the discharge is delayed 
by 45 mins. However, the arrangement of bio-retention systems does not have 
a significant effect on delay time. The delay of the peak depends on relative 
distance from the bio-retention systems to the outlet discharge point. Although 
the distance from each single location is different, the average distance of all 
bio-retention systems to the outlet point is very similar between the random 
and the best arrangements. Thus, the delay times in two cases are almost the 
same. 
 
Figure 5.9 Outlet discharge in various scenarios, demonstrating  the 
effectiveness of bio-retention systems 
5.4.3.2 Evaluation of bio-retention system location 
To further understand the locations of bio-retention systems, the best 
arrangement and the random one are both presented in Figure 5.10. In both 
cases, there are no bio-retention systems in the natural reserve area in upper 
part of the catchment as the main purpose of bio-retention systems is to 






Compared to the random selection of bio-retention arrangement, locations of 
bio-retention in the best arrangement are more concentrated in several parts of 
the catchment, especially the areas in the red circles 1, 2, 3 (Figure 5.10). 
Circle 1 locates upstream of Kallang River which receives surface runoff 
diverted from the natural reserve area further north. The numerous bio-
retention systems on the right bank of Kallang River within the circled area 
are thus effective in enhancing infiltration and reducing rainwater discharge to 
the River. Circle 2 locates in the middle between Kallang Subsidiary Drain 
and Bukit Timah Diversion Canal. This area is not only right next to the two 
main canals discharging to Kallang River, but also is lower land area 
immediate downstream the hilly topography further north. Therefore, it is a 
good location for bio-retention systems. Circle 3 is the confluence of Bukit 
Timah Canal, Pelton Canal and Kallang River, and lower land of the 
catchment where all overland flows are diverted to. In addition, the bio-
retention systems in the “best” arrangement stay closer to each other; while 
they are more scattered in the random one. Hence, bio-retention systems might 
be more effective if they stay near each other, creating larger areas of bio-
retention systems next to the river. Finally, for bio-retention systems along the 
Bukit Timah, Stamford and Alexanda Canal, the arrangements are very similar 




Figure 5.10 Best and random bio-retention system arrangements.  Green dots 
represent bio-retention systems. 
(Red circles are areas where bio-retention systems distribute differently) 
To better understand the locations of the bio-retention systems, 20 
arrangements of lowest discharges, ranging from 402 to 406m
3
/s, are selected 
for further evaluation.  All the bio-retention locations are combined, sorted 
from highest repeating frequency to lowest one. The locations with repeating 
frequency 8 times or above are presented in Figure 5.11. The bio-retention 
systems are scattered in the urbanized area of the catchment with several 
general characteristics. Firstly, as discussed previously, there are more bio-
retention systems locates at upstream of Kallang River as there is a large 
amount of surface runoff from the natural reserve area further north. Secondly, 
the bio-retention systems locate along the tributaries and the confluence area 
instead of along the main river, Kallang River. For all the tributaries, the bio-
retention systems concentrate upstream instead of downstream. Thirdly, the 
remaining bio-retention systems locate around all the low land area. This 
matches with the criteria of situating bio-retention systems at depression 






in this study, preliminary design of bio-retention locations can be made 
without running GA in other areas. 
 
Figure 5.11 Common bio-retention locations in 20 top arrangements of lowest 
discharge 
5.4.4 Influences of bio-retention location on groundwater 
In Simulation results show that bio-retention systems increase groundwater 
recharge significantly as they enhance the infiltration rate. In urbanized 
scenario, average groundwater recharge per unit area after the storm event 
with a rainfall depth of 150mm is 6mm. With the implementation of bio-
retention systems, groundwater recharge increases considerably to 50mm 
which is more than 8 times than the urbanized scenario. However, the 
locations of bio-retention system have minimum effects on overall recharge 
rate in the catchment.  For example, best and random arrangements of bio-
retention systems give similar amount of overall groundwater recharge.  
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The spatial distribution of groundwater recharge varies among the different 
bio-retention arrangements. Figure 5.12 presents the groundwater recharge in 
the best arrangement and random arrangement, which both give an average 
groundwater recharge of 50mm. In the best arrangement, high recharge rates 
of above 100mm concentrate along Kallang River, while the rate is only from 
50mm to 100mm in the same locations in the random arrangement. The 
recharge rates along all the remaining tributaries are almost the same in both 
cases. Similar to the bio-retention locations, the zones of high groundwater 
recharge of the random scenario are more scattered, which is a direct 
consequence of the more scattered locations of bio-retention systems.  
Besides, the recharge rate in the best scenario is higher than that in the random 
one in several locations (e.g. upstream of Geylang River and Pelton Canal, 
along Bukit Timah Canal and downstream of Alexandra Canal, refer to the red 
circles in Figure 5.12) even though the bio-retention arrangements are almost 
the same. This is due to the indirect impact of the bio-retention systems 
located upstream, which affect the overland flow as well as groundwater 
distribution of the entire catchment leading to more groundwater recharge in 
these low land areas areas.           
 






5.4.5 Study implications and limitations 
From the optimization model results, a few important points need to be taken 
in consideration: 
 Implementing bio-retention systems avert hydrological related problem 
in urban areas, in particularly the high peak discharge during the high 
rainfall event. This study thus simulates the highest rainfall event in the 
available record which is equivalent to 10 years ARI. Hence, the 
optimized arrangement should be more effective for other smaller 
events.  
 In terms of the number of populations and generations in the 
optimization model, the more populations and generations the better 
the results are. However, large populations and generations are very 
computational time consuming. Sensitivity analysis for number of 
population and generation may need to be carried out to address such 
trade off.    
 The total area of bio-retention systems is fixed at 5% of the total 
catchment area based on previous studies. However, smaller 
percentage of bio-retention area might give similar results. More 
scenarios should be carried out to derive a cost-effective value. 
Furthermore, the “best” bio-retention arrangement from the 
optimization model is not unique. Thus, if the proposed locations of 
the bio-retention system are not feasible, there should be alternative 
solution without significantly compromising the effectiveness.  
 Last but not least, this study only focuses on optimizing bio-retention 
location for hydrological conditions (e.g. outlet discharge and 
groundwater recharge) in urban areas. However, to implement such an 
extensive stormwater management plan, further consideration need to 
122 
 
be carried out. First, water quality should be accounted for together 
with water quantity.  In terms of management, cost of construction and 
maintenance is also an important factor.  Finally, land ownership 
should be considered due to the limitation of space in urban areas.  
5.5 Summary and conclusions 
This study develops the optimization model to determine the best location of 
bio-retention system for stormwater management. The optimization model 
consists of two parts: the integrated hydrological model and the GA coupling 
with each other. The GA randomly generates a possible arrangement which 
becomes an input to the hydrological model. The hydrological model result is 
then fed in GA model as fitness value for the GA to generate another possible 
arrangement of bio-retention location via GA operators, such as Encoding and 
Decoding, Reproduction, Crossover, and Mutation, suitable for spatial 
hydrological optimization purposes. This cycle keeps repeating until the 
number of generation reaches the pre-determined generation number. The 
streamflow of the integrated hydrological model is calibrated and validated at 
the location near the catchment outlet. The GA performance, on the other 
hand, is evaluated via fitness population distribution over all the generations. 
Taking Marina catchment in Singapore as case study, the results show that the 
“best” arrangement has highest peak discharge lower than a random 
arrangement. By comparing the best arrangement with the random one and a 
series of arrangements with better fitness values, the important findings are 
summarized as follows: 
1. Bio-retention systems reduce outlet peak discharge significantly 
depending on their distribution. For systems that cover 5% of the 
catchment area, the reduction is as high as 17% in the case with best 
arrangement achieved from GA simulation. Apart from magnitude 
reduction, it also delays the peak time by 45mins. However, the 
delaying time is independent with the arrangement of bio-retention 
systems. The comparison between the best arrangement to the random 
one shows that there are several locations that are more effective in 






Kallang Subsidiary Drain and Bukit Timah Diversion Canal and the 
confluence point. Further analysis also shows that bio-retention 
systems located upstream of Kallang River and the low land area give 
lower peak outlet discharge.  
2. In terms of groundwater influences, it shows that bio-retention system 
is able to enhance recharge rate from 6mm to 50mm in a rainfall event 
of 150mm. However, locations of bio-retention system do not 
significantly influence the average groundwater recharge of the 
catchment, and only affect the spatial distribution of groundwater 
recharge. However, the distribution of recharge rate is not only 
affected by bio-retention location, but also by the overland flow and 
groundwater behaviors.  
3. Assessing the influences of bio-retention arrangement for stormwater 
management using GA, further conclusions have been made: 
o Focusing on adverting flooding in urbanized area, this study 
considers a 10 year ARI storm event. The performance in 
flooding mitigation is expected to be better for other smaller 
events.  
o Sensitivity analysis for number of populations and generations 
in GA should be carried out for the best selection with a 
reasonable simulation time.  
o Areal coverage of bio-retention systems should also be 
evaluated for its cost-effectiveness. Furthermore, the locations 
of bio-retention systems are not unique, and alternative 




o Other factors such as water quality, construction and 
maintenance cost and land ownership also should be taken into 
considerations.  
Overall, the developed GA is able to couple with Mike SHE, a commercial 
model without an open source code. Thus, it is not only transferable to other 
study areas but also can be coupled with any hydrological model to simulate 
processes that are most relevant to that particular case study. From the insights 
of bio-retention distribution characteristics, it is also possible to have a 
preliminary recommendation on the suitable bio-retention locations in other 






CHAPTER 6. CONCLUSIONS 
6.1 Contributions 
To further understand the interactions between vegetation and hydrological 
systems in tropical urban areas for sustainable water resources management, 
this dissertation first examines the hydrology-vegetation interactions on a plot 
scale. This understanding is then upscaled to evaluate the influences of 
urbanization at the catchment scale. In additional, the green structures are 
introduced to formulate flooding mitigation solution, and their locations are 
also strategized via an optimization model. The dissertation is divided into 
three specific parts: (1) examining the influences of vegetation on hydrological 
processes in the plot scale, (2) evaluating urbanization impact on hydrological 
systems on a catchment scale and restoration solution and (3) optimizing green 
structure locations for stormwater management. Overall, the results of this 
dissertation contribute to the knowledge of hydrology-vegetation interactions 
in tropical urban areas, which benefit stormwater management. Using the 
Marina catchment in Singapore as case study, some of the results, such as the 
throughfall equation and bio-retention location optimization model, are not 
only applicable to tropical region but may be extended for global use. Specific 
conclusions and contributions of the main chapters are stated as follows. 
Chapter 2 studies the relationship between vegetation and throughfall. 
A mass balance model is first introduced to calculate throughfall.  Regression 
analysis is then performed to relate the calculated throughfall with other 
dependent factors. From the analysis, this chapter derives simple-to-use 
empirical equations relating throughfall, canopy and rainfall characteristics. 
The equations are further verified with calculated monthly throughfall from 
other weather data and actual throughfall field measurements, giving an 
accuracy of about 80 to 90%. The amount of throughfall in any region can be 
126 
 
quickly estimated with reasonable accuracy using information on only three 
variables (i.e. maximum canopy storage, average rainfall depth and time 
interval between two consecutive rainfalls in a month). It also proposes a 
methodology to derive location-specific equations with higher accuracy when 
additional weather data is available.  
Chapter 3 explores the influence of green roof on water routing. 
Presently, most green roof studies are site-specific (mostly in temperate 
regions) and time-specific (during monitoring periods), and only focus on 
examining the influences of one or two particular characteristics of green roof. 
This chapter investigates the hydrological behaviour of green roofs of different 
characteristics in tropical regions over both a specific event as well as an 
annual period. Using a calibrated and validated one dimensional hydrological 
model, three important characteristics of green roof (hydraulic conductivity, 
soil thickness and storage capacity) are examined in different time scales (3 
month ARI and average performance). This chapter demonstrates that the time 
and magnitude of peak discharge is strongly affected by the green roof design. 
It also shows that green roof performance varies among regions due to 
different rainfall characteristics, and analysis on a single storm event or a 
series of storm events yield different results. Overall, it bring insights to our 
understandings on the influence of green roof on water routing and the proper 
upscaling of green roof model to large scale catchment hydrological model. 
Chapter 4 investigates the hydrological responses to urbanization on a 
catchment scale to mitigate the hydrological impacts of urbanization. 
Although research about urbanization impact is not new, most of them are 
often process-specific, focusing on a few processes, e.g. peak flow or storm 
recession. This chapter uses an integrated distributed hydrological model to 
evaluate the urbanization impacts on both overall water balance and water 
regime based on the conditions of Marina catchment, a highly urbanized 
catchment in Singapore. It first demonstrates the current conditions of the 
catchment. It then simulates the condition before urbanization by assuming the 
entire catchment is covered by vegetation. By comparing the results of the two 
scenarios, it concludes that urbanization affects hydrological system 






66% in infiltration and base flow respectively, and increasing 60 to 100% in 
peak outlet discharge). Green structures (e.g. green roof and bio-retention 
systems) are then implemented to mitigate the hydrological impacts of 
urbanization. Results demonstrate that green roofs delay the time and reduce 
the magnitude of peak outlet discharge while bio-retention systems mitigate 
the peak discharge and enhance infiltration. Therefore, the implementation of 
both green roofs and bio-retention is able to restore the flow characteristics 
similar to pre-urbanized condition even in a tropical area. The results enhance 
our understandings of hydrological changes during the different phases of 
urbanization. They are not only applicable to Singapore but also catchment-
level planning of green structures in other urban areas. 
 Chapter 5 proposes a method of identifying optimized locations of 
green structures for stormwater management. Optimization techniques have 
been applied to determine the locations that give the most hydrological 
benefits. Optimization tools are commonly built in together with specific 
hydrological models, restricting the choices of hydrological models or 
becoming redundant if one has developed a hydrological model. This chapter 
develops a genetic algorithm (GA) that is independent from and can therefore 
be coupled with any existing integrated distributed hydrological model to 
optimize the locations of bio-retention systems. With the consideration of 
factors such as topography, distance from the river and groundwater table 
depth, it suggests alternative combinations of bio-retention locations, using 
inputs of the integrated distributed hydrological model. The combination that 
gives the lowest outlet discharge is then regarded as the best solution. Taking 
Marina catchment in Singapore as a case study, the GA results are then 
generalized to have better understanding of the influences of bio-retention 
location on hydrological condition. This chapter concludes that 
implementation of bio-retention system reduces peak outlet discharge, delays 
the peak time and enhances groundwater recharge. However, the delay time 
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and recharge rate is independent from bio-retention location. Developed 
independently from any hydrological model, the GA is not only transferable to 
other study areas but can also be coupled with any hydrological model that is 
most suitable for that particular case study. 
In summary, one can use the results of this study to evaluate the impacts 
of vegetation (both natural and artificial) on the hydrological system in a 
tropical urban area for stormwater management in both plot-and catchment-
scales. First, for plot-scale, this study introduced generic equations to estimate 
canopy throughflow, which is the direct input on the land surface (Chapter 2). 
Secondly, it also recommended a suitable range of hydraulic parameters for 
green roof systems to mitigate outlet peak flow (Chapter 3). Thirdly, the 
results of plot-scale studies were further applied in the Marina catchment 
hydrological model which proves the effectiveness of green structures (green 
roof and bio-retention systems) in mitigating urbanization impacts at 
catchment-scale (Chapter 4). Lastly, this study suggested a new method that 
couples optimization with any hydrological model to determine the most 
optimal bio-retention locations to reducing peak catchment outlet discharge 
(Chapter 5). This study mainly focuses on tropical regions. However, several 
findings (throughfall equations and optimization model) are generic and are 
applicable world-wide.” 
6.2 Limitations 
This dissertation focuses on enhancing our understanding of the hydrological 
processes and their interactions with vegetation to mitigate water related 
problems for urban stormwater management. Despite the contributions of the 
research, several limitations exist and are described in detail below.  
The first issue is data insufficiency. Vegetation-hydrological 
interactions involve a number of complex and dynamic processes over a long 
period of time, from plot scale to catchment scale. Thus, insufficient data 
might affect the accuracy of the result or model assumption. To derive the 
global throughfall equation (Chapter 2), apart from Singapore, only 
throughfall data in Fontainebleau, Ile de France, France is available, which 






(Chapter 4), large amounts of information and data are required over long 
periods of time. Assumptions have to be made to build the Marina-like 
catchment. Therefore, the model is not able to reproduce the exact situation of 
Marina catchment, but only demonstrate the generic condition of the 
catchment.     
The second issue is optimization uncertainty. For the optimization 
model (Chapter 5), it is difficult to select the most suitable numbers of 
population and generation. An overestimation would lead to long 
computational time. An underestimation may however lead to a local 
optimum. Thus, there is the tradeoff between the computational time and 
optimization. Sensitivity analysis for the numbers of population and 
generation is therefore recommended.  
Last but not least, this dissertation brings insights to our understanding 
of hydrology-vegetation interactions for stormwater management from a 
hydrological perspective. However, other perspectives (e.g. construction and 
maintenance cost of green structures, land ownership and current drainage 
practices and policies) should be taken into consideration to achieve a holistic 
and sustainable stormwater management framework in urban areas. In 
addition, it should be noted that numerical modeling allows us to better 
understand the hydrology-vegetation interactions. However, modeling always 
involves assumptions and simplifications regarding the physical properties and 
processes, and thus the model results are only approximations.     
6.3 Possible Areas for Future Research 
There are possible extensions of each part of this dissertation: 
(1) Examining the influences of vegetation on hydrological processes in 
the plot scale 
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In throughfall study, multi-dimensional regression analysis is used to identify 
the best-fit function of the throughfall empirical equations. The accuracy of 
the equations might improve if a more complex mathematical function is 
tested. In addition, maximum canopy storage is the most difficult parameter to 
determine in the throughfall equation. Even though the value is available in 
the literature for certain vegetation types (Llorens and Gallart 2000) or  the 
value can be estimated through leaf area index (Kristensen and Jensen 1975), 
it still involves many uncertainties. It will be helpful if there are further studies 
on estimating maximum canopy storage. 
To further develop the applicability of green roof hydrological model, it is 
highly beneficial to evaluate the influence of slope on hydrological behaviors 
of green roof. Two-dimensional hydrological model is also required.   
(2) Evaluating urbanization impact on hydrological system in the 
catchment scale and restoration solution 
To accurately quantify urbanization impact on hydrological system in the 
catchment scale, it is important to integrate reservoir modelling with surface 
and subsurface hydrological model. Intensive field data collection is also 
essential. In addition, to simulate green structures, a higher resolution grid 
where the grid size is reduced from the current 60 meters will provide greater 
precision. However, a reduced grid size for entire catchment increases the 
computational time significantly. Thus, model nesting or unequal grid size 
model may be considered to describe the hydrological behaviour of green 
structures correctly.   
(3) Optimizing green structure locations for stormwater management  
In optimization model, the percentage of bio-retention systems area is fixed at 
5% of total catchment area. One should consider investigating the relationship 
between bio-retention system area and construction and maintenance cost and 
hydrological benefit to achieve a suitable bio-retention area for the catchment 
area. Furthermore, the optimization model only optimizes the location of bio-
retention systems. It is helpful to consider green roof locations as not all the 






There are also a number of research areas which can be further developed 
from the results and findings of this dissertation that would enhance the 
understanding of urban hydrology and its interaction with vegetation in 
Singapore as well as in other tropical regions: 
(4) Exploring the role of vegetation on urban water quality  
Urbanization significantly impacts water environments not only in terms of 
water balance and water regme but also in the degradation of water quality. 
These result from various anthropogenic activities in urban areas, which will 
alter the characteristics of the ecosystem. Studies show that green structures 
such as green roof and bio-retention system not only affect urban water 
quantity but also improve urban water quality (Hathaway et al. 2008). 
Therefore, impacts of green structures on water quality in both plot scale and 
catchment scale can be explored. 
(5) Evaluating strategic location for vegetation planting 
One of the significant impact of vegetation on groundwater recharge is 
reducing the portion of rainfall that infiltrates into the ground by canopy 
interception and by extracting soil moisture from unsaturated zone, as well as 
extracting water from saturated zone through the root systems for 
evapotranspiration processes. Location of vegetation as well as its 
characteristics (root depth, canopy size and leaf area) determine soil moisture 
content, depth of the groundwater table (the thickness of unsaturated zone) and 
the requirement of uptake water for the plant. Thus, different types of 
vegetation in an open area give different soil moisture content and 
groundwater level outcomes. Therefore, one possible area for future research 
is defining the optimum location for the particular type of vegetation under 
specific hydrological condition that best suits the surface and subsurface water 




A Hydrological model selection 
Table A.1 Examples of the lumped hydrological models available in literature 
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In DOS based 
(Kaczmarek 
1993) 
In MS Excel) 
(Yates 1996) 
Daily Flexible Calculate water 
balance by 
continuous function 




































Table A.2 Examples of the semi-distributed hydrological models available in literature 














(Lindström et al. 
1997) 
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Flexible Flexible Infiltration: Initial and 
constant; SCS curve; 
Infiltration 
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ACE) 
gridded SCS curve 
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Soil moisture: divided 
in 5 layers; coupled 
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Hourly Flexible Hydrologic 
simulation model and 
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forecast, probabilistic 
medium term forecast 
and long term 










Surface and shallow 
sub-surface runoff 





















Flexible Flexible Fortran based 
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All water quantity 
and quality processes 
including: 




















simulation of water 









 Sediment transport 





















Flexible  Flexible Simulating in DOS 
Watershed is divided 
into band of equal 
elevation to account 
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 Snow computation 
based on temperature 
index or generalized 
All water quantity 















snow melt equation  
Runoff analysis uses a 
single soil moisture 
value for soil column 
 Sediment transport 
and movement of 
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University 
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variable saturated 
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flow is calculated 
using exponential 
function of water 
content; channel 
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National de la 
Recherche 
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B Equations in Mike SHE hydrological modelling system  
The Mike She modelling system (Refsgaard et al. 1993) is based on SHE 
model (Abbott et al. 1986). It is a deterministic, fully distributed and 
physically based modelling system.  
Mike SHE water movement module comprises six process-oriented 
components which describe the major physical processes of the land phase of 
the hydrological cycle:  
B.1 Interception/Evapotranspiration  






  (B.1) 
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I  is the interception storage capacity [L], 
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C  is an the interception 
coefficient [L], LAI  is the leaf area index [-]. 
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2  (B.6) 
  zAROOTRzR .loglog
0
  (B.7) 
where 
0
R  is the root extraction at the soil surface [-], AROOT  is the root 
mass distribution parameter [L
-1





z  is the upper and lower boundary of layer i [L], RL   is the maximum 




























































































After filling up the interception storage, precipitation infiltrates into the 

















d is the amount of ponded water on the ground surface [L], 
k
Inf is the 





K is the infiltration rate [L], 
t
 is calculation time step [T], 
v
Inf is the 
maximum infiltration volume [L], 
sat
 is the saturated water content [-],
1t
 is 
the water content at the end of the previous step [-],
wt
z is the depth of water 
table [L], 
actual
























B.3 Overland flow 
Applying two-dimensional Saint-Venant equation: 
Mass conservation 
















where h  is the flow depth above the ground surface [L], u  and v  is the flow 
velocity in x-direction and y-direction [LT
-1
],  i is the net input of the overland 
flow [L]. 











































































S  is the friction slope [-],
O
S is the slope of the ground surface [-], K
is Strickler coefficients [-]. 


















































], A  is the root extraction sink term [L
2





],  h  is stage above datum [L], C  is Chezy resistance 
radius [-], R  is hydraulic or resistance radius [L],   is momentum 
distribution coefficient [-]. 
B.5 Unsaturated zone 





































where   is the volumetric soil moisture [-], S  is the root extraction sink term, 
 K  is the hydraulic conductivity [LT-1],     is the soil moisture retention 
[-]. 
B.6 Saturated zone 



























































K are the hydraulic conductivity along the x, y and z axes, 
h  is the hydraulic head, Q  represents the source/ sink terms, S  is the specific 
storage coefficient.  
B.7 Coupling unsaturated zone and saturated zone 
 (Based on an interactive mass balance procedure) 
The recharge to the groundwater is determined by actual soil moisture 
distribution in the unsaturated zone.  
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zone contribution to the 
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where 
1n
W is the new water content [-],
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q is the evapotranspiration loss [LT
-1
].  
Assuming that groundwater outflow in a cell is steady, the accumulated error 









































11  (B.27) 
where Gn
G
q  (positive outwards) is the sum of the groundwater outflow rate for 
the cell in the last groundwater time step (
G
n ) scaled to the new SZ time step 
length ( 1
G
n ) and 1n
S
q  (positive outwards) is the sum of source sink terms 
calculated by the UZ module for the current time 1n .  
If 
cum
E is less than zero, there is a deficit of water stored in the column; if 
cum
E is greater than zero there is the excess of water stored in the column. 
If 1n
cum
E less than maxE , the corrections are not made for the current 
unsaturated zone time step; If 1n
cum
E exceeds , the corrections for water 
table and the soil moisture content will be made.  

























h is the new water table [L] calculated by unsaturated zone module 
and unsaturated zone time step 1n . If saturated zone outflows for the next 
saturated zone time step ( 1
G
n ) are unchanged, the water table from the 
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C Genetic algorithm in water resource planning and 
management  
C.1 Evolutionary computation and genetic algorithm 
Evolutionary computation (EC) represents a broad spectrum of heuristic 
approaches for simulating evolution (Bäck et al. 2000). Examples of EC are 
genetic algorithm (GA) (Holland 1968, Holland 1975), evolutionary strategies 
(ES) (Rechenberg 1973, Schwefel 1981 , evolutionary programming (EP) 
(Fogel et al. 1966), and genetic programming (GP) (Koza 1992).  
Evolutionary algorithm (EA) comprises of algorithms using a population of 
alternative solutions, each represented by a potential decision vector. EA relies 
on randomized operators that simulate mutation and recombination to create 
new individuals, which operates according to a problem-specific fitness 
function (Bäck et al. 2000). Due to the complexity of the problems (i.e., 
nonlinear, nonconvex, multimodal, discrete, etc.) deterministic search 
techniques become difficult. The complexity is even more severe in 
environmental and water resources applications.  
Genetic Algorithm (GA) is one of the most commonly applied EA within 
water resources planning and management. GA is a search algorithm based on 
natural selection and the mechanisms of population genetics (Holland 1968, 
Holland 1975). Different from conventional optimization and search 
procedures (Goldberg 1989), GA is probabilistic and not deterministic, also it 
works with a coding of solution set, not the solutions themselves. Moreover, it 
searches from a population of solutions, not a single solution. Finally, GA uses 
the cost function and does not need derivatives.  
C.2 Genetic algorithm operator 
The basic idea of the GA is borrowed from the biological process of survival 
and adaptation. The result is an efficient algorithm with the flexibility to 
search complex spaces (Abuiziah and Shakarneh 2013). GA technique 
requires that the set of decision variables should be represented by a coded 






codes the decision variable set describing a trial solution as a binary or dual 
string or "chromosome".  
GA is characterized by the following elements:  
(1) Encoding 
 The decision variables of a problem are normally encoded into a finite 
length string which could be a binary string or a list of integers. For 
example: 0 1 1 0 1 1 0 0 or 2 3 4 1 1 4 5  
(2) Selection  
GA is an optimization algorithm that maximizes or minimizes a given 
function. Therefore, selection is required since it is the one which 
mainly determines the evolutionary search spaces. It is used to improve 
the chances of the survival of the fittest individuals. There are many 
traditional selection mechanisms and many user specified selection 
mechanisms specific to the problem definition (Sivaraj and 
Ravichandran 2011). The goodness of each individual depends on its 
fitness. Fitness value may be determined by an objective function 
specific to the problem. As the generations pass, the population should 
is closer to the solution. Selection is one of the important operations in 
the GA process with problem specific mechanisms. For example, the 
proportional roulette has been used in many problems (Lipowski and 
Lipowska 2012) and it outperformed the other strategies in the 
salesman problem, achieving best solution quality with low computing 
times (Noraini and Geraghty 2011).  
(3) Crossover  
Crossover operator plays an important role in producing a new 
generation. The crossover operator is a genetic operator that combines 
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two chromosomes (parents) to produce a new chromosome (offspring). 
The new chromosome may be better than both of the parents if it takes 
the best characteristics from each of the parents. Crossover occurs 
during evolution according to a user definable crossover probability. 
There is number of cross over operators (Abdoun and Abouchabaka 
2011, Kaya et al. 2012) such as:  
1. Single Point Crossover 
2. Two Points Crossover 
3. Intermediate (Uniform) Crossover 
4. Arithmetic Crossover 
5. Heuristic Crossover 
6. Ring Crossover 
(4) Mutation 
Mutation involves the modification of the value of each ‘gene’ of a 
solution with mutation probability pm. The role of mutation in GA is 
to restore lost or unexplored genetic material into the population to 
prevent premature convergence of the GA to suboptimal solution 
(Srinivas and Patnaik 1994). 
GA is implemented by the following elements:  (1) generation of an initial 
population of potential solution identified as a chromosome; (2) computation 
of the objective function or fitness value of each solution and subsequent 
ranking of chromosomes accordingly; (3) reproduction of chromosome by 
combining two or more parent solutions to create offspring solutions 
(crossover); and (4) mutation of each individual offspring to maintain diversity 
and prevent premature convergence to local optima. These elements are 
repeated in sequential generations until a suitable solution is obtained. This 







Figure C.1 GA framework (Nicklow et al. 2009) 
The framework shows that solutions having high fitness values contain 
specific genes are important for optimizing the objective function. By mixing 
important genes between parent alternatives, it is expected that the GA will 
produce some offsprings that may attain superior characteristics relative to 
their parent alternatives. In this way, the algorithm simulates survival of the 
fittest objective function values, without requiring derivative information 
(Holland 1975, Goldberg 1989, Schwefel 1995, Bäck et al. 2000). This 
concept has provided a foundation for development of numerous other single 
and multi-objective. 
C.3 Single-objective and multiple objective optimizations 
Decision makings might need to achieve several objectives depending on the 
nature of the problem (e.g. minimize risks, maximize reliability, minimize 
deviations from desired levels, minimize cost,).  
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According to Savic (2002), in single-objective optimization, the main purpose 
is to find the “best” solution, which corresponds to the minimum or maximum 
value of a single objective function that lumps all different objectives into one. 
It is useful in providing decision makers the insights of the problem, but does 
not provide a set of alternative solutions that trade different objectives against 
each other. On the contrary, in a multi-objective optimization with conflicting 
objectives, there is no single optimal solution. The interactions among 
different objectives give a set of solutions known as the trade-off or Pareto-
optimal solutions.  
Most design and planning often have a number of objectives. Thus, multi-
objective methodologies are more likely to identify a wider range of 
alternatives with a set of objectives since they do not need to specify for the 
level of one objective a single optimal solution is obtained for another. 
However, it is possible to apply single-objective model in which all objectives 
are measured in terms of a single fitness function. This requires a priority 
ordering of different objectives (i.e., a weighting scheme) to allow their 
integration into a single function. Thus, single-objective approaches involve 
further analysis in advance than multiple-objective approaches.   
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